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April 25, 1983 to April 24, 1984 4 K

During this period, the central technical milestone of the
pr~gram was achieved: the free electron laser was made to
oscillate for the first time on a storage ring device.

Laser operation on ACO proved to be moderately reliable and
easy -o obtain. We were therefore able to extract an enormous
volume of information on the operation of the system. in contrast
to the other operating FELs, the steady availability and good
reproducibility of operation has permitted the investigation of
auestions important to the future of the field but which are
difficult to observe in present machines.

The laser ooeration was discovered to exhibit a se.f,
-pulsing behavior under conditions of free running operation. We

S nave measured the deoendence of the pulsing phenomena on the
current, and the cavity length detuning. We discovered that the
pulses could be modulated by driving the electron beam in either
transverse position or RF frequency. Theoretically, the
dependence of the peak power on the driving frequency provided an
unambiguous identification of the mechanism of the pulsing
pnenomenon. We report these results in the papers:

First operation of a storage ring free electron
laser, SPIE Vol 453 (:984)

Results of the free electron laser oscillation
experiments on the ACO storage ring, J. Physique 45,
(19841

First Operation of a storage-ring free-electronlaser, Phys. Rev. Lett 51, (1983.

A further discovery during the contract was the existence
of ransverse mode coupling due to the finite cross section of
the electron beam. We devised a technique to measure this effect
which relies on the interference of the excited modes with the
fundamental. We were able to show that the higher order modes
excited in this way could be predicted by the theory in a
-articularly simple case, and that the mode evolution had the

- arooriate behavior as a function of longitudinal position.
These results, both experimental and theoretical, are reported
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Measurement of stimulated transverse mode mixing in
a free electron laser, IEEE J. Quant. Elect. (1985)

Transverse Mode dynamics in a free electron laser,
Appl. Phys B33, (1984)

A series of other issues were addressed, including the
effects of divergence on the Madey theorem. We were able to show
.hat indeed the divergence of the optical mode shifts the gain 4
and spontaneous spectra in a systematic way. These results are
described in:

'Measurement of the violation of the Madey Theorem
induced by a diverging wave, 1E7E J. Quant. Elect
(1985) . ..

Observation of the diffraction induced violation of
the Madey theorem; in the Proceedings of the 1984 ..
Castelgandalfo Conference, Nucl. :nstr. & Meth.
A237, (1985)

The analysis of the optical klystron experiments, including the
application to energy spread measurement in a storage ring, are

Optical klystron experiments for the ACO storage

ring free electron laser,' Appl. Phys. B34 (1984)

The bunch lengthening analysis presented in

Characterization of free electron laser bunch
lengthening on the ACO storage ring, Appl. ?hys. B
1984),

completes the comparison between the theory and the experiment,
and describes a unique experimental approach for measuring the
momentum compaction factor in a storage ring. The other
publications for the period include:

'nhomogeneous Broadening calculation with a single
integral; HEPL Technical Note TN-84-2

,J .ealzation of a variable aperture diaphragm working
in ultra high vacuum4 Applied Optics 23, (1984)

Copies of these papers are attached.
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Rof a variable aperture diaphragm working
in ultra high vacuum

M. Velghe, D. A. G. Deacon, and J. M. Ortega 4

An adjtistahle iris has been developed to .perate in the 10-m-Torr vacuum environment of a storage ring. -
It was baked out at 300'( and has been used more than 100 times. Measurements have been carried out
using the spontaneous emission of an undulator set on the storage ring. They show that the iris could be

centered and adjusted accurately from outside the vacuum chamber and used as a mode selector for free

I. Introduction II. Description of the Device
Laser transverse mode selection by an iris placed We have designed and tested a device which satisfied

inside the optical cavity has been extensively sttudied the three following requirements (Fig. 2):
in the past Mi Ee. I and references therein). Since the (I) Given the limited space available in the chamber
optical gain ota free electron laser I]FElI may develop the iris has to he movable in a direction perpendicular
in several transverse modes,2 the Orsay IEL group de- to the light beam axis so that it can be replaced by a
cided to install an iris inside the laser optical cavity. mirror. This mirror, oriented at 450 with respect to the
Although laser oscillation was finally obtained' on the beam axis, is used to extract the light when the optical
TENTo mode without the help of that iris due to the cavity is not in use. Therefore, the iris and the mirror
extremely low va!ue of the gain,' future high gain sys- are motinted on the same axis, and switching from one
tems are expected to operate multimode. It is tseful to another is made by a translation stage operated from
to look at the technical solutions which have led to an outside the chamber.
ultra high vacuum variable aperture diaphragm and to (2) The iris centering has to be adjusted mechanically
its practical operation. This is the purpose of this over a distance typically of ±5 mm in any direction in
• )aper. the plane perpendicular to the light beam axis. Vertical

Due to the weakness of the optical gain in the Orsay adjustment is ensured by the micrometer stage men-
experiment on the ACO storage ring it was impossible tioned above. The horizontal displacement is realized
to insert any optical element, such as a window, between by it second stage mounted perpendicularly to the first
the laser medium (high energy electrons passing (Fig. 2). The two displacements are allowed by the
through the undihator) and the cavity mirrors. For that same ultra high vacuum bellows (Fig. 2, bellows 1).
reason the iris, as well as the cavity mirrors, has to le (3) The aperture of the iris is controlled from outsideplac d in a vacuutm chamber. The pressure inside this the vacuum chamber. The rotational motion needed
chamber is then necessarily as low as the pressure inside to change the iris dimension is accomplished by means.

the storage ring, that is, between l0 - ' and 10- Torr, of a 15-mm vertical linear translation, given by a third
since the two chambers communicate (Fig. 1). translation stage, allowing any aperture ranging from

The technical problems posed by the requirements 1.6 to 18 mm in diameter (Fig. 2, bellows 2).
for three fine mechanical motions (two translations and The mechanical assembly of these various parts is
one rotational for the iris aperture) are severe in this shown in Fig. 3. The whole chamber may be baked at

environment. In addition the whole chamber has to he 300°C. The ultra high vacuum requirements mean that
baked to at least 20 0 C (for degassing) to reach the grease cannot be used to lubricate mechanical parts.
desired vacuum. No such device is commercially We shall now discuss the solution we used to move the
available (existing iris diaphragms are designed for delicate pieces of a diaphragm under ultra high
pressures above 10-7 Torr). vacuum.

When this wo4rk was done M. Velghe was with Ulniversite de

I'aris-Sud, I,aboratoire de l'hotophysique Nfolectlitire, 91405 Orsay, Ill. Lubrication of the Diaphragm
France; lie is now with Stanford I Iniversity, ligt Energy 'hysics Commercial irises are usually made of aluminum or
I ab,,ral,,ry, Stanior,l, ('alifornia 91305. . A. G. Deacon is with and are painted or coated with Teflon for hihri-t)ea , on 1.4earcl4, 75.1 I )uu'urdunen Way, Sutnortvvale. (alito~rnia 41(,57, basadacpitdo otdwt elnfrlbi
and .I.M. Orta is with Eit',,le u1erieure de Physique et ('himie, 10 cation. None of tlese naterials is u|suable in ultra high-
rue Vanqutlin, 7r211 Paris (EIX 05, France. vacuum because of their outgassing anti structural .

Received I Aprtl 1984. changes which occur during bake out. We have fabri-
0o)l.69:15,5/81/2ll85 t $:o.00/0. cated a greaseless stainless steel iris diaphragm.

V 198.1 Optical Society of America. Initial tests at 4 X 10- 10 Torr terminated abruptly

1 November 1984 / Vol. 23, No. 21/ APPLIED OPTICS 3851
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Fig. 1. General setup of the unduhitor experiment o thoe A (O
storage ring FEL.

very high vacuum pueeing very high vacuum test

Fig. 3. Iris rear mirror device.
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IV. Experiment

To test the iris operation we measured its effect on
the light stored in the optical cavity. The light was
emitted ly the electrons of the ACO storage ring passing
through an undulator 5,4 (see Fig. 1). We centered the a
iris in the colored rings emitted by the undulator (Fig.
4). The fine adjustment was made by maximizing the

- intensity transmitted by the output mirror of the cavity
'._ of the resonant wavelength (G = 6300 A in our case).

We then measured the intensity of the light at this
wavelength as a function of the iris aperture (Fig. 5).t"miro or ..... is position The measured intensity drops sharply when closing the '.-

diagram below a diameter of -4 mm due to the very
Iidimtradjustment hihqaiyo-h op~tical cavity whose losses7 are very

Fig. 2. Design of the iris rear mirror device within its vacuum low (1.2 X 10-: in this experiment). Since the light is
chamber, stored for -10 :1 round trips in the cavity a small loss at

each pass on the diaphragm produces a large variation
when a spring clip which held together the two movable in the resulting intensity. r
posts fell off. The bake out temperature of :3) 0 C The spontaneous emission in the undulator of the .
probably annealed the piece which lost its elasticity. electron beam at 235 MeV diverges with a half-angle
Upon extracting and inspecting the iris we also observed 2.8x /~
that the two moving parts that rotate coaxially showed 0 - 0.66 mrad, (1)
some mutual scratching. Since lubrication was not
possible we had to specify a certain clearance bet ween where N = 17 is the number of periods and , 0 = 7.8cm
the two pieces. One of the two parts undergoes a strain is the magnet period. This angle is only a factor of 2.7 6 i
perpendicular to its rotation axis and, therefore, rulbs larger than the divergence angle A/riWo of the TEM,.
strongly against the other piece. mode. In these conditions the spontaneous emission

Device modification was necessary to avoid these is expected to Ie stored on the first. three of four cylin-
problems. We used a dry lubrication with very low drical modes of the cavity.8

outgassing. In this process a jet of a molybdenum di- The intensity transmitted by the system can be easily
sulfide plasma is projected onto both moving parts. calculated for various cylindrical transverse modes if
The plasma is adsorbed by the surfaces to a depth of -I one makes the assumption that the form of the modes
pm. In add it ion the spring clip ment itne(l )reviously is unchanged wheni closing the diaphragm. 'his as-
was repilaced by a threaded ring which htlds tlw two sumpt ion is )robably not too bad in our case since the
moving parts more firmly and which can lie baked out aperltires of the iris for which tlie stored intensity
at 310(10 (. Finally the stainless lamellae of lite iris, vanishes is much larger than the beam waist at the iris .,
which had levelhped little burrs die to embossing, were location (a factor of 4- 5 in our case). The loss at each

" carefully polished with a soft stone. passage through the iris is lien found by integrating the
After these improvements the iris diaphragm has ni(le intensity in the space surrounding the aperture.

worked properly for more than 100 cycles (opening- Since the iris is oil separated from the cavity mirror
% lsn)in a vacuum of -5 101( oratrhk i 2" :::"closing) iavcumf 5X 1 - Trra (Ilaot )"--5cni this power reduction occurs only onace each..,""

"- at 3000 C. rotmdtrip. Ifwe include the power lost at the mirrors

3852 APPLIED OPTICS / Vol. 23, No. 21 / 1 November 1984 r 4
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V. Conclusion
We cave t'cnst ricited a \;iri:c ide apertutre iris capable

-~ . - -N........, ' hr~c jugin Itlicvery dii tiecill concd it ionsof antultra
~~ ~ '' ~ high \xtctimnii etivircciineflt. Thbis device has bteen csefill
dr? n ~ iI tie acuni sis of t le uciccie st ru ctutre of thle l ight, einit ted

~,. lw our iciilator. Also) it appears t hat it will be able to
serve as a mlodie selectocr cn t hie future storage ring tree

40:3 ~ elect ron lasers part icculariy in the V'IN spectral range
where a high vaccium will be probably needed, focr var-
jii olls reasons3. inl the whocle oipt ical resonuator.-

Fig. 4. S~pontaneous emission produced by 235-NMe's electrons
traveling through the undulator.

M-r-r L I~se 6 1 o(5 M The aut hors akoldethe vacuuim staff (if LURE

... TEMooI55 J.TEF4oi(2~O" for their assistance during these experiments. This
xx Exp. Points work was sup~ported by' the CNRS (France), by the

X ~AFOSH contract F419620-83-K-0030, and by DRET
-l contract 81:131 and was performed in part by Deacon
10, Research Under contract to Stanford University.

. . .This wocrk was done at Lahoratoire LURE, B~tiueent
209C', Universit6 dle Paris-Sud, 91405 Orsay, France.

C

5 10

References

and suim over all the round trips, we fitnd that the in- Rentosiiirs with Internal Apertuires," Appl. Opt. 22, 1999

tniyin the loiwest-order mode is reduced from its
valu fo th iri fuly pen y te fctorin rucFiecronLasr,"AppI. Phys. 13 33.9 1t981).

where a is the iris aperture, it, = 1.03 mmn is the size of Experiments on the ACO Storage Rting." Jt. Phys. Paris 45, 989
the mode at the iris, and I' i , the total cavity losses per (1984).
round trip. For tile f-Aii, cylindrical mode, the CX- 5. J. N1. Ortega, C. Bazin, D). A. G. DeaconC. Pcepeactex, and P. Fl.
pression is 'Hure Relizatiocn of the Permanent Magnet Ilodulitor -

I _ IWI', Ncc. lnstrcim. M~ethods 206, Nic. t1-2, 281 09l 83).
(:t 6. N1 cilrint al.," Recent Itesciltsocf the ACO Storage Ring FFt.

i~~e'* t l'Ajcrimnc ct, I1. t'hys. Pa~ris Cl, Siippl. 2.11,29 I 19831.
I'~7 1' Ffcue hl+-2~c) .N Veighe. N1. Ifillcirdon, and I. NI. Orte'ga, Ntestires

Fitting thse (uj\*e5to I a we an see .it) un c. II) Wralaioi de I lk-ctjvitk tie Nlirccirs Muclti- ,.,.

liln hs cre ote data oif Fig. 5, wecleicuhsltis, pocir Ie Laser hi Plecircis 1,ilcrcs,' j. Opt. 15,
that 55';,o ilt out put power is Contained in the 10iW- t1ll
est-cre Koe ad1%ctlereaneisotand . .Ecgelnilt and T. Ui 'Laser Beams anti Resonators," J. AppI.
in the TlENT, withIiin the accuiracy of the fit. Phv.'. 5. 1 5 ) (I !)W).

This resuilt is in gooid agreement. with a previccus 9. NI. ltII1ilcccco, REcote Nactionacle Sciperieure tie Physiqcie et Chimie
anal)ysis using a mathematical analysis of thie sponta- tie Paris; private cominuciiccccion.

I November 1984 /Vol. 23, No. 21 /APPLIED OPTICS 3853



.A .I

TN-84-2

JANUARY 1984

INHOMOGENOUS BROADENING CALCULATION WITH A

SINGLE INTEGRAL

David A. G. Deacon

High Energy Physics Laboratory
Stanford University

Stanford, California 94305

k . This note was prepared under contract for IIEPL by'Deacon Research.

i:.L.. ..



Abstract

The complex problem of calculating the inhomogenous

broadening in an FEL with arbitrary energy spread, and hori-

zontal and vertical angular spreads is reduced to a single well

conditioned integral which can easily be performed on a micro-

computer.

-
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II

. .1

The calculation of the gain in an FEL driven by a "hot"

beam in a recurring problem for FEL system designers. A know-

ledge of the gain reduction produced by a given energy spread

and emittance is essential in designing short wavelength lasers

or short interaction length systems in which the available gain

approaches the net cavity losses.

The problem is conceptually simple, as it involves nothing

more than a convolution of the single electron gain spectrum with

the effective energy distribution of the electron beam. No closed

form expression exists for the convolutions, and results must be

obtained numerically. However, the general case involves separate

convolution integrals for the energy spread, the horizontal angular

to spread, and the vertical angular spread. A numerical solution to this prob-

lem involving three integration steps can become impossibly time con-

suming on the computer, and complex to set up due to the divergences

in the effective energy distribution of the angular spread, and due

to the divergence of the denominator in the gain expression at v=O.

In this paper, I present a solution to these problems using the

properties of the Fourier transform, which reduces the triple inte-

gration with divergences to a single integration of an analytic functio

The resulting expression takes only a few seconds to evaluate on a

microcomputer, and can therefore be incorporated as a subroutine into

a larger progream which evaluates the performance of a proposed design.

-2-



I assume the "hot" electron beam can be approximated by a

Gaussian distribution in energy, angle, and position. The resonance

parameter, 'i, of an arbitrary electon is:

for a planar undulator where N is the number of periods in the

undulator, X and X are the undulator and light wavelengths,

2
and ymc and K are the electron energy and trajectory para-

2
meter K 2 -T e5/nc X If we take as our reference the resonance

0

parameter x of an axial electron at the central energy y

(2)

we find, for v << N,

where 6y y -y. The gain curve of the hot beam must be
0I

expressed in terms of x.

-3- -
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2 e2
The numerical distribution PCSy,6 O ) of electrons isx y

assumed to be separable.

The average gain is then

fL PY ) P3 (61) G5-(V<X 16 3 6, (5) I

which can be reduced to the convolution integrals

2. ~,Tr-2 (7)

ac T A (8)

and O(x) is the step function O(x > 0) =1; O~x < 0) =0. -

Let us neglect the constant in G(v), and use the analytic expression

-4-



for the small signal gain spectrum, including the phase shift

of the slowly varying wave

z
V y(9)

It is clear from (8) and (9) that care must be taken in performing

the three integrals in (6) to correctly handle the divergent deno-

minators.

Equation (6) can most simply be handled by taking the Fourier

transform, and using the convolution-product theorem:

6-o~ A .> Av e E A., (10)

where E(a), A (a), etc., are the Fourier transform of E(x), A(x),

etc.

(JikOL ep- -an'V (12)

The transform of GMv can most simply be obtained if we use

the expression:

-5
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G(<) "e(13)
4

0 0

The transform is

Inserting (11), (12), and (14) into (10), we obtain the final

result:

S q1-

= 1 r( o(0)( ) -:
+ t t)

This integral can be evaluated on a microcomputer with the simplest

of codes. There are no divergent denominators, the functions are

slowly varying, and the limits are independent of the electron beam Pl

parameters. Tables of for optimum x and a range

of T , a and a have been included in the appendi. .-
x y

6-
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II

Equation (15) permits the calculation of both the real and

imaginary parts of the inhomogeneous broadened gain spectrum as

a function of x, which was defined in (2) as the resonance para-

meters of an ideal filamentary beam. It is valid in the small

signal regime for an undulator with zero taper. In the large signal

regime, the inhomogeneous broadening is of less interest since the

gain is above threshold, but one can obtain the gain reduction by

convolving the numerically obtained gain spectrum with the beam

function B (x).

4 ( t - i - 0

The other effects which reduce the gain are independent of

the inhomogeneous broadening (15). The longitudinal effects, of

course, do not couple with the inhomogeneous broadening term, and

have been calculated in [1] and [2]. The same is true for the trans- - -

verse effects, which can be included as a multiplicative filling

factor [3] for low divergence optical and electron beam. The optical

mode divergence will at some value reduce and distort [41 the gain

curve; the effects of large electron beam divergence are also un-

desirable, although they have not been calculated.

-7
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The effects of the quadratic dependence of the undulator field

on one of the transverse dimensions could have been included in

(15) in an approximate way (the position distribution is identical

to (8) with

3, t X
~~Z -r ( N)t' (17)

but this effect should really be handled in a transverse mode

calculation such as [3]. The assumption of separability made in

[4] is valid for most systems, and produces a worst-case estimate

for coupled systems.
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ii
Appendix -.,''

These tables list the values of < G(x o) >/G and x for -jl
o max o

values of a, a and a between 0 and 5. < G >/G for each
x y max

entry is listed above xo, which is the resonance parameter at

the peak of the inhomogeneously broadened gain curve. The

normalization G = .0675 is the maximum value of the gain

curve attained with no broadening effects.

1l
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SIG =0.00

A-/ 1 0.00 0.50 1.00) 1.50 .00 250 3.0 3.04.045050

A:.~~ ~ ~ 3.04.j)45

M-----------------------------------------------------
0.00 1 1.000 0.980 0.928 0.865 0.803 0).74G 0.695-:4 0.651 0.612 0.57E 0.547

1 2.61 27-.86 3.09 3 .27 3.41 3.52 3.60 3.6-7 3.73 3.78 3.82

.5 0 1 0.980 0.96o 0.9!0 0 .8E49 0. 788 0.737' 0.682 0.639 0.601 0.5G7 0 . 537

1 2.863 3.11 3.34 3.52 3.66 3.77 3.86 3.93 3.9 4. 04 4.08

1.00 1 0.S928 0 .9E10 0.864 0.806 0.749 0.696 0. 648 0.607 0.571 0.539 0.511

1 3.09 3.34 3.57 3.75 3.90 4.01 4.10 4.17 4.23 4.28'E 4.3d2

1.50 1 0.865 o.849 0.806 0.752 0.699 0.650 0.606 0 .67 0.5C3 0.503 0.476
1 3.27 3.52 3.75 3.94 4.09 4.21 4.30 4.37 4.43 4.49 4.53

2.00 1 0.902 0.799 0.748 0.G9 0.349 0.604 0.563 0. 523 0.495 ().4G7 0.442
1 3.41 3.66 3.90 4.09 4.24 4.36 4.46 4.53 4.30 4.65 4.8

I.50 0.746 0.73T 0.66 0.850 0.604 0.561 0.523 0.469 0.450 0.433 0.402
I 3.52 3.77 4.01 4.21 4.36 4.48 4.58 4.66 4.73 4. 8 4.83

3.00 1 0. 25 0.G6 0.648 0.606 0.543 0.523 0.487 0.455 0.427 0.402 0.380
I 3.0 3.86 4.10 4.30- 4.46 4.58 4.68 4.76 4.83 4.28 4.34

3.50 1 O.651 0.639 0.607 0.567 0.523 0.489 0.455 0.4Z5 0.399 0.375 0.355
I 3.G7 3.93 4.17 4.37 4.53 4.66 4.76 4.85 4.92 4.97 5.02

A.00 1 0.602 0.601 0.571 0.533 0.495 0.459 0.427 0.3S9 0.374 0.352 0.332
1 3.73 3.99 4.23 4.43 4.60 4.73 4.83 4.92 4.09 5.05 5.10

4.50 1 0.578 0.567 0.53S 0.503 0.4G7 0.433 ).4072 0.375 0.35 0.331 0.312
1 3.78 4.04 4.28 4.49 4.35 4.78 4.89 4.57 5.0.5 ..11 5.1

5. 3.50 10.514 0.537 0.510 0.476 0.442 0.409 0.380 0.355 0.332 0.312 0.294
1 3.8Z 4.08 4.22 4.53 4.69 4.78 4.94 5.02 5.10 5.16 5.1

• .• , w .. L . .

----------------------. .. - -.. .



1 0. 00 0.50 1 .00 1.5 1 2.00 2.50 3.00 3.50 4.00 4.Z70 5.00

,,I % --- - - - - - - - - - - - - - - - - - - - - - - - - - - - - --- --

0.00 1 0.960 0.941 0.893 0.833- 0.774 0.719 0.671 0.628 0.590 0.55-7 0.529
I 2.G3 2.89 3.11 3.30 3.44 3.55 3.34 3.71 3.77 3.82 3.86

I

1 2.89 3.14 3.37 3.55 3.69 3.81 3.90 3.97 4.03 4.00 4.12

1.00 1 0.893 0.876 0 .8e32 0.777 0 .722 0.671 0).323 0.567 0.5527 0 .52Z 0.493
1 3.11 3.37 3.30 3.78 3.93 4.04 4.14 4. 21 4. 27 4.32- 4.36

1.50 1 0.8E33 0.817 0.777 0.72 0.675 0 .6G28 0.566 0.5IS4 8 0 .5 1 0.487 0.461
1 3.30 3.55 3.78 3.97 4.12- 4.2Z4 4.34 4.41 4.48 4.53 4.57

Z.00 1 0.774 0.759 0 .722Z 0.675 0 .628,' 0.5E34 0.544 1:.510 C).479 0.43520 X428
1 3.44 3.39 3.93 4.12 4.28 4.40 4.50 4.57 4.64 4.69 4.74

2.0 1 0.719 0.706 0.671 0.G28 0. 584 0.543 0.50S 0.473 0.445 0.419 0. 397
1 3.55 3.81 4.04 4.24 4.40 4.52 4.32 4.70) 4.77 4.823 4.8

3.00 1 0.671 0.35e 0.62 0586G 0.544 0.506 ().472- 0.441 0.414 0. 390 o.369-
1 3.34 3.90o 4.14 4.34 4.50 4.32T 4.73 4.81 4.88 4.S4 4.99

I. .

rn 3.50 1 0.628 0.617 0.587 0.548 0.510 0.47] 0.441 ().412- o.38e7 0.3G4 0.344
1 3.71 3.97 4.21 4.41 4.57 4.70 4.81 4.90 4.97 5.03 5.08

4.00 1 0. 520 0.580 0).5 52 0 .5116 0.479 0.445 0.414 0.3837 0.363 0.341 0.323
1 3.77 4.03 4.27 4.48 4.64 4.77 4.88 4.97 5.04 5.10 5. 15

4.50 1 0.557 0.547 0.521 0.487 0.452 .419 0. 390) 0.3G4 0.341 0).321 0 .303
I 3.82T 4.08 4.32 4.53 4.69 4.83 4.94 5.03 5.10 5.16 5 .2

5.00 1 0.52-9 0.519 0.493 0.461 0.428 0.307 0.39 0.344 ().323 0.303 0.286 s
1 3.86 4.12 4.36 4.57 4.74 4.88 4.9: 5.08e 5. 15 5.22 5.2.7

. .. .

S G = . 0. ~.•

0~~~................... 1 .£ ,3 .77...$106805 .5 .28...:.



v _ _ _ T .  . . ~ r -- .--. -- -.

STG = 1.00

Ax \A," 1 0.00 0.50 1.00 1.50 2.00 2.50} 3.00 3.50 4.00 4.50 5.00

0.00 0.855 0.830 0.798 0.747 0.GE5 0.347 0.305 0.57 0.533 0.504 0.473
1 2.71 2.97 3.20 3.38 3.53 3.65 3.74 3.82 3.88 3.93 3.98

0.50 1 0.839 0.824 0.784 0.734 0.383 0.336 0.594 0.557 0.524 0.495 0.47o .

1 2.97 3.221 3.45 3.64 3.79 3.91 4.00 4.08 4.14 4.19 4.24

1.00 1 0.798 0.784 0.74G 0.399 0.351 0.307 0.5G7 0 .5Z 0. 500 0.473 0. 448
1 3.20 3.45 3.38 3.89 4.03 4.15 4.25 4.33 4.39 4.44 4.49

!.50 1 0.747 0.734 0.399 0.655 0.611 0.5G9 0.532 0.4 9 0.469 0.443 0.420
1 3.38 3.64 3.88 4.07 4.23 4.35 4.45 4.53 4.30 4.G3 4.70

2.C00 1 0.395 0.383 0.G51 O.3ll 0.570 0.531 0.49G 0.435 2.437 0.413 0.391
1 3.53 3.79 4.03 4 .23 4.39 4.52 4.32 4.70 4.77 4.83 4.8'

2.50 1 0.347 0. 63 0.307 0.569 0.531 0.495 0.462 0.433 0.407 0.384 0.364
I 3.65 3.91 4.15 4.35 4.52 4.35 4.75 4.84 4.91 4.97 5.03

2.00 1 0.305 0.594 0.537 0.532 0.49G 0.462 0. 431 0.404 0.380 0.358 0.33S -
1 3.74 4.00 4.25 4.45 4.62 4.75 4.8G 4.95 5.03 5.09 5.14
IVj

3.50 1 0.5G7 0.557 0.53- 0.409 0.4G5 0.433 0.404 0. 378 0.355 0.335 0.317
1 3.82 4.08 4.33 4.53 4.70 4.84 4.95 5.04 5.12 5.19 5.24

4.00 1 0.533 0.524 0.500 0.469 0.437 0.407 0.380 0.355 0.333 0.314 0.297
1 3.88 4.14 4.39 4.30 4.77 4.91 5.03 5.12 5.20 5. 7 5.32 -

4.50 1 0.504 0.4S5 0.473 0.443 0.413 0.384 0.358 0.335 0.314 0.296 0.280
1 3.93 4.19 4.44 4.GG 4.83 4.97 5.09 5.19 5.27 5.33 5.3-

5.00 1 0.478 0.470 0.448 0.420 0.391 0.364 0.339 0.317 ). 297 0.2S0 0.24
1 3.98 4.24 4.49 4.70 4.$8 5.03 5.14 5.24 5.32-  5.39 5.45

.. -.'

..... . . ............-.-..-..-,.-.,.. - .......... ,,....,..t,...,-.,,.....-.....-.-.._'........'.....-..-...--.....-..-.--



SIG =1.150

A:(\A-/ 1 0.00 0.50 1 .Ot) 1 .50 2.00 2.50 3.00 3.50 4. 00 4. 50 5.00

0. 00 1 0.717 0.705 0).G73 0.633 0.52- 0.553 0.517 0.48S 0.452 o.433 o.411
1 27.85 3.11 3.34 3.54 3.70 3.82 3.S3 4.01 4.08 4.14 4.19

I - -" -

S.50 1 0.7o5 0.693 o.662 0.6'13 0.58 0.544 0.510 o.479 0.451 0.4-7 0.405
1 3.11 3.36 3.0 3.80 3.96 4.08 4.19 4.27 4.34 4.40 4.45

1.00 1 0.673 0.6.2 0.633 0.506 0.558 0.322 0.483 0.459 0.433 0.409 0.303
1 3.34 3.0 3.34 4.04 4.20 4.33 4.44 4.52 4.60 4.1 4.71

1.50 1 0.633 0.623 0.56 0.562 0.52 0.492 0.461 0,.433 0 84 0.367 0.35
1 3.54 3.80 4.04 4.24 4.41 4.54 4.65 4.74 4.3 4.88 4.93

2.00 1 0.592 0.582 0.538 0.523 0.492 0.4.0 0.431 0.405 0.382 0.31 0.343
1 3.70 3.6 4.20 4.41 4.58 4.72 4.83 4.92 5.00 5.07 5.12

.50 1 0.553 0.544 0.522 0.492 0.46 0.431 0.403 0.379 0.357 0.338 0.320
I 3.22 4.08 4.33 4.54 4.721 4.36 4.5 5.07 5.15 5.22 5.22

3.00 1 0.517 0.510 0.488 0.46 0.431 0.4o3 0.378 0.355 0.324 0.316 0.219
1 3.03 4.19 4.444 .65 4.83 4.98 5.10 5.20 5.28 5 .5 5.41

3-.50 1 0.48G 0.479 0.459 0.433 0.405 0.379 0.355 0.323 0.314 0.296 0.281
4.01 4.27 4.52 4.74 4.92 5.07 5.20 5.30 5.39 5.46 5.2

4.00 1 0.458 0.451 0.433 0.408 0.382 0.357 0.334 0.314 0,.25 0.172 0.24

1 4.08 4.34 4.60 4.8 5. 00 5.15 5.28 5.39 5.47 5.55 5. .2

4.50 1 0.433 0.427 0.409 0.386 0 5.31 0.338 0.316 0.29S 0. 27 0.263 0.2451
1 4.14 4.40 4.66 4.88 5.07 5.22 5.35 5.46 5.35 5.63 5.70

5.00 1 0.411 0.405 0.328 0.36 0.343 0.320 0.2S5 0.291 0.2G4 0.249 0.2 "35
1 4.19 4.45 4.71 4.93 5.12 5.29 5.41 5 -52 5.62 5.70 5.76

r
p.?

• ~~~~~~~~~~~~~~~~... ......... . .,-.-........-........-'.- ... ".-."....--- ,,'L''Z:'}'
.1 ~~......-.. .-.'..':...,...:..'-m " " -""' """



£'G =2.00
' 4,. " ,

A) \Ag 1 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0.00 1 0.579 0.570 0.547 0.518 0.486 0.457 0.429 0.404 0.382 0.362 0.344
3.06 3.32 3.5G 3.77 3.S4 4.08 4.18 4.28 4.37 4.44 4.49

0.50 1 0.570 0.561 0.538 0.511 0.480 0.451 0.424 0.309 0.377 0.357 0.338
1 3.32 3.57 3.82 4.03 4.20 4.34 4.4G 4.55 4.63 4.70 4.76

1.00 1 0.547 0.538 0.518 0.481 0.462 0.434 0.408 0.385 0.3G4 0.345 0.328
1 3.56 3.82 4.06 4.28 4.45 4.58 4.71 4.81 4.89 4.87 5.03

1.50 1 0.518 0.511 0.481 0.466 0.439 0.412 0.328 0.365 0.345 0.327 0.311
1 3.77 4.03 4.28 4.48 4.67 4.82 4.94 5.04 5.13 5.20 5.27

I 0.486 0.480 0.462 0.438 0.413 0.388 0.365 0.244 0. 325 0.308 0 .2Z8l3
1 3.84 4.20 4.45 4.67 4.85 5.01 5.13 5.24 5.33 5.41 5.47

2.50 1 0.457 0.451 0.434 0.412 0.388 0. 365 0.344 0.324 0.30G 0. 290 0.275
4A I 4.08 4.34 4.589 4 .82' 5.01 5.16 5.28 5.40) 5.50 5.58 5.65

3.00 1 0.42,. 0.424 0.408 0.388 0.3G5 0.344 0.323 0.305 0.28 0.273 0.250
1 4.18 4.48 4.71 4.84 5.13 5.28 5.43 5.54 5.64 5.72 5.80

3.50 1 0.404 0.389 0.385 0.365 0.344 0.324 0.305 0.287 0 .271 0.257 0.244
1 4.28 4.55 4.81 5.04 5.24 5.40 5.54 5.66 5.76 5.85 5.92 .

4.00 1 0.382 0.377 0.364 0.345 0.325 (0.306 0.288 0. 271 0.256 0.242 0.230
1 4.37 4.63 4.89 5.13 5.33 5.50 5.64 5.76 5.86 5.85 6.03

I
4.53 0.362 0.357 0.345 0.327 0.308 0.290 0. 27-3 0.257 0 .42- 0.229 0. 218 

1 4.44 4.70 4.97 5.20 5.41 5.58 5.72 5.85 5.85 6.05 6.13

-. 00 1 0.344 0.339 o.329 0.311 0.293 0.-275 0.259 (0.244 0.230 0.212 0.206 -',
1 4.49 4.76 5.03 5.27 5.47 5.65 5.80 5.82 6.03 6.13 6.21-

Iq

'I

.................................. ..............................................



- .r~ r~ r 1 . - - o-

- -•--o

2.30

A:\A Y 0.00 0.50 i.00 1.50 2. 00 2.50 3.00-') 3.50 4.00 4 50 5. 00

I
0.00 1 0.459 0.453 0.438 0.417 0.395 0.373 0.352 0.333 0.315 0.293 0.285"

1 3.34 3.60 3.85 4.07 4.23 4.41 4.54 4.35 4.75 4.83 4.89

0.50 1 0.453 0.448 0.433 0.412 0.390 0.369 0.348 0.29 0.312 0.293 0.282 "
I 3.30 3.83 4.11 4.33 4.52 4.68 4.81 4.92 5.01 5.09 5.16

1.00 0.423 0.433 0.419 0.399 0.378 0.357 0.338 0.319 0.303 0.288 0.274
1 3.85 4.11 4.3G 4.59 4.78 4.94 5.07 5.18 5.28 5.36 5. 44
I -

i.50 1 0.417 0.412 0.399 0.381 0.331 3.342 0.323 0.30 0 .290 0.275 0 ."-" 
t 4.07 4.33 4.59 4.82 5.01 5.17 5.31 5.43 5.53 5.61 5.39

2,00 1 0.395 0.390 0.378 0.361 0.343 0.324 0.30G 0.200 0.275 0.22 0.249 .

I 4.26 4.52 4.78 5.01 5.21 5.38 5.52 5.G4 5.75 5.34 5.91

Z.50 1 0.373 .28 9 0.357 0.342 0.324 0.307 0.2,0 0,275 0.20 0.249 0.236 ..

1 4.41 4.68 4.94 5.17 5.38 5.55 5.70 5.82 5.93 6.03 6.11

3.00 1 0.352 0.343 0.336 0.323 0.30S 0.290 0.274 0.230 0.243 0.234 0.223
1 4.54 4.81 5.07 5.31 5.52 5.70 5.E5 5.98 6.09 6.19 6.28

I
3.50 1 0.333 0.329 0.319 0.303 0.-0 0.275 0.260 0.246 0.233 0.222 0.211

1 4.65 4.92 5.18 5.43 5.G4 3.82 5.98 6.11 6.23 6.33 6.42 ",-

4.030 1 0.315 0.312 0.303 0.290 0.275 0.260 0.24G 0.233 0.221 0.210 0.200
1 4.75 5.01 5.28 5.53 5.75 5.93 6.09 6.23 6.35 6.46 6. 35

4.50 1 0.299 0.29 G 0.283 0.275 0.232 0.248 0.234 0.222 0.210 0.200 0.190
1 4.83 5.09 5.3G 5.61 5.84 6.03 6.19 6.33 6.46 6.57 G.GG

5.00 0.295 0.292 0.274 0.232 0.249 G.33 0.223 0.211 0.200 0.190 0.11 E";-"-a

1 4.89 5.16 5.44 5.69 5.91 3.11 6.28 6.42 6.55 6.3 6.76 "

. .. " , . ,



SIG 3.00

Ax\ A I 0.00 0.50 1 .00 1 .50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0.I0 0.3G4 0).3G 0.351 0.337 0.321 0.305 0.239 0.275 0.261 0.24 0.2238
I 3.63 3.95 4.2I 4.44 4.64 4.81 4.96 5.09 5.20 5.23 5.37

0.30 0.351 0.357 0.348 0.334 0.310 0.302 ().37 0.273 0.253 0.241 0.230
3.95 4.21 4.47 4.77 4.9 0 .17 5.34 5.43 5.35 5.4 5.58 5.94

1.0 1 0.351 0.34e 0.33 0.325 0.310 0.294 0.230 0.25S 0.243 0.241 0.210

I 4.14 4.47 4.33 4.20 5.17 5.34 5.4 5.88 5.73 5.83 5.2

1.00 0 337 0334 0.325 0.31 0.295 0.27 0.257 0.25 0.244 0.23 0.23
14.44 4.70 4.SG 5.2-0 5.41 5.59 5.75 5.98 5 .:9: G. OE- G.18..,

O,00 0. 32 1 0.313 0.310o o.2,Z9c.28 Z5 0. 271 O.257 ). Z45 0.233 0.223 o.213.

1 4.34 4.90 5.17 5.41 5.32 5.81 5.97 6.10 G.22 G.33 6.42

2.50 1 0.305 0.302 0.294 0.283 0.271 O.2S 0.245 0.233 0.222 0.212 0.203
1! 4.81 5.08 5.34 5.59 5.81 6.00 G.IG 6.30 3.43 G.54 6.3 

3.00 1 0.29 0.287 0.290 0.239 0.257 0.245 0.23 0.222 Z 0.202 0.103
1 4.9S 5.22 5.49 5.75 5.97 3.13 6.33 3.48 G.SO G.72 6 .82Z

3.50 1 0.275 0.273 0.2G3 0.253 0.245 0.233 0.222 0211 0.201 O0.19 0.184
1 5.09 5.35 5.G2 5.88 G.10 6.30 G.48 6.3 6.76 G.88 6.98

4.00 f 0.231 0.259 0.253 0.244 0.233 0.2'- 0."I:2 0.201 0.132 0.183 0.175

1 5.20 5.43 5 .73 5.359 6.22 6.43 6.60 8.7G .90 7. 02 7.1"

4.30 1 0.249 02a7 0. 41 0.233 0.223 0.21Z 0.202 0IS- 0.183 0.175 (..1G7
p 5.2s 5.53 5.23 3.09 6.33 G.54 6.72 6.33 7.02 7.14 7.25 -

5.00 0.239 022 0.220 0.222 0.213 0.203 0.13 0.134 0.175 0.137 0.159
1 5.37 5.G4 5.92 G.18 6.42 G.33 G.32 6.9:8 7.12 7.25 7.37

I aI

- ~~~~~~~~~~~~.......... -.. .. . ...-.-..................... -.........v.-.........-.......... ..... ....-



S3G 3.50

Ax\Ay 1 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.0
----------------------------------------------------------------------- ------

0.00 O. 0 0.201 0.2S4 0.275 0.233 0.252 0.240 0.229 0.2Z19 0.209 0.201
I 4.09 4.35 4.32 4.86 5.07 5.2S 5.42 5.57 5.G9 5. 0 5.89 .

II 0.50. 2 .2... .2", 0.273 0. ZSG1 0 . 2?5')0 .239 0 . " Z--,. iB .20 s

1 4.35 4.31 4.88 5.12 5.34 5.52 5.C9 5.23 5.S5 G.06 G.1G

1.00 1 0.294 0. 2-2 0. 27 0.237 0. '56 0 .245 0.234 0.2?3 0.213 0. Z04 0. 15
I 4.32 4.3S 5.14 5.39 5.G0 5.79 5.36 G.10 6.23 6.34 G.44

1.50 1 0.275 0.273 0.237 0.258 0.248 0.237 0.22G 0.21 Z 0..07 0.199 o.190
I 4.93 5.12 5.39 5.63 5.85 6.05 3.22 3.27 G.40 G.31 6.71

2.00 1 0.233 0.231 0.253 0.248 0.233 0.228 0.218 0.208 0.199 0.1 1 0.13
1 5.07 5.34 5.30 5.85 G.08 G.79 .45 3.30 G.74 3.35 3.93

Z.5) I 0.22 O.Z50 o.245 0.237 0. 23 0.218 0.209 0.200 0o.191 0.183 0. -17,5
15.23 5.52 5.79 '.05 G.28 6.48 3.GS G.81 G.95 7.07 7.13

3.00 0.24-0 0.23 0.234 0.223 0.2I8 0.20 0.20 0 0.11 0.!23 0.175 0.138
5.42 5.3 5.93 G.72 G.45 G.3G G.4 7.00 7.14 7.27 7.38

3.50 1 0.229 0.?2e2 0.23 0.216 0.2e08 0.200 0.181 0.133 0.175 0.167 0.10 -

1 5.57 5.83 3.10 3.37 6.60 6.81 7.00 7.17 7.31 7.44 7.56

1! .00 1 0.23 0.218 0.213 0.207 0.199 0.191 0.183 0.175 0.137 0.160 0.154
I 5.3 5.95 3.23 3.49 6.74 6. 95 7.14 7.31 7.4G 7.30 7.72

4.50 1 0.209 0.209 0.204 0.198 0.191 0.183 0.175 0.167 o.,1 ': 0.153 0.147
1 5.80 3.OG G.34 3.3 6.85 7.07 7.27 7.44 7.30 7.73 7.83

5.00 0.201 ).1 3 S 0.195 0.190 0.183 0.175 0.138 0.130 0.154 0.147 0.141

1 5.E39 3.13 3.44 6.71 3.S3O 7.18 7.33 7.53 7.72 7.83 7.99 -

....... ......... ..... .',.. . . . .



S 3 0 4.00O

Ax\A' 1 0.00 0.50 1.00 1.50 200 27.50 3.00 3.50o 4.00 4.5o 5. 00
------------------------------------------------ -------------------------

0.00 1 0.240 0.239 0.234 0).227 o.219 0.210 0.202 0.193 0.135 0-178 0.171

1 4.53 4.79 5.06 5.31 5.53 5.73 5.91 6.07 6.20 G.33 6.44

I5 0.23 0.236 0.232 0. 2Z25 0.2193 0 .209 0.2-01 0.192 0.184 0.177 0.170
1 4.79 5.05 5.32 5.57 5.79 6.00 6.17 6.33 6.47 6.59 6.70

1.00 1 0).2'34 0 .23 j2 0.22-9 0.=2 0.214 0.205 0.197 0. 18BE 0. 16E1 0.174 0.167 :.

I 5.06 5.32 5.5B 5.84 G.06 6.27 6.45 6.60 6.74 G.37 6.28

1.50 1 0.227 0-225 0.221 0.215 0.209 0.200 0.192j: 0.4484 0.177f 0.170 0.I63
15.31 5.57 5.84 6.09 6.32 6.527 6.71 6.27 7.01. 7.14 7.25

0 I 0.219 0.218 0.214 0.203 0.201 0.193 0.!126 ().173 0.171 o.164 0 .1527
1 5.53 5.79 6.06e 6.32 6.55 6.76 6.05 7.12 7.23 7.3S 7.51

4. 50 1 0.210 0.2Z09 0.205 0.7200 0.123 1). 186 0.179 0.172 0.165 0.1590 0.15Z

1 5.73 6.00 6.27 6.53 6.76 6.98 7.17 7.34 7.49 7.62 7.74

3.00 1 0.202 0 .20 1 0.197 0.192- 0.186 0.179 0 .172Z 0.165 0.159 0.153 0.147
1 5.91 6.17 6.45 6.71- 6.95 7.17 7.36 7.54 7.39 7.23 7.S5

3.50 1 0.193 0.192T 0).189 0.184 0.17e 0172 0.165 0. 159 0. 153 0.4 41
I 6.07 6.33 6.60 6.67 7.12 7.34 7.54 7.71 7.87 6.01 6.14

4.00 1 0.185 0.184 0.181 0.177 0.171 I.16 0.159 0.153 0.147 0. 141 0.135
1 6.20 6.47 6.74 7.01 7.26 7.49 7.69 7.27 8.03 8.18 8.31.
Id

4. 50 1 0.17e 0.177 0.174 0.170 0.164 0.-159 0153 0.147 0.141 0 .135 0. 130
1 6.33 6.59 6.87 7.14 7.39 7.62'7 7.83 8.01 8.19 8.33 8.46

5.00 1 0.171 0. 170 0.167 0.163 0 .158 0.- 1 5 0.147 0. 141 0. 135 0.130 0.1275
1 6.44 6.70 6.98', 7.25 7.51 7.74 7.95 8.14 8.31 8.46 8.60



.4.50

Ax\Ay 1 0.00 o.50 1.00 1.50 Z.00 2Z50 3.00 3 .50 4.00 4. 50 5.0o
,-- - --

0.00 1 0.100 0.198 0.105 0.190 0.184 0.178 0.171 0.13G5 0j.159 0.-53 0.1471 4.99 5.- 25 5.52 5.77 6.01 6 .22 6.41 6.58 6.73 6 .86'3 6.98

1).5 so 0.198 0).197 0.194 0.189 0.183 0.177 0.170 0.164 0.158 0..5-7 0.1471 5 .25 5.51 5.78 6.03 6.27 6.48 C6.6S7 6.8E4 G. 99 7.13 7 .2Z5
1.00 1 0.195 0.194 0.191 ().186 0.-180 0.174 0.163 0.162l 0.15C, 0.150 0.1451 5.52 5.78 6.04 6.30 6.54 6.75 6.94 7.11 7.27 7.40 7.52.

* 1.50 I1 0 0.189 0.186 0.132 0.17S 0.170 0.164 0.-1528 0.152 0.147 0 .142 Z1 5.77 .03 6.30 6.zz 6.80 7. 01 7.21 7.23 7.54 7.67 7.80

2.00 1 0. 14 02 50 018E0 0.176 0.171 0.16 0.160 0.154 0.148 0.143 (.138I G.01 6.27 6.54 6.0 7.04 7. 2 37.46 7.63 7.79 7.93 8.06

,.50 1 0.179 0.177 0.174 0.170 0.184 0.160 0.155 0.149 0.144 0.139 0.133.I .2 6.48 6.75 7.01 7.23 7.48 7.68 7 . 6.02 2.17 8.30

'3.00 1 0.171 0.177 0.168 0.164 0.160 0.155 0.149 0.144 0.13S 0.134 0.149
1 6.41 6.67 6.94 7.21 7.46 7.48 7.89 8.07 8.23 8.38 8.32

3.50 I 0.165 0.164 0.162 0.158 0.154 0.149 0.144 0.139 0.134 0.129 0.124
1 6.58 6.84 7.11 7.38 7.63 7.86 S.07 8.26 8.43 8.58 8.72

4.00 1 0.159 0.158 0.156 0.152 0.148 0.144 0.139 0.134 0.12 0. 124 0.120
1 6.73 6.09 7.7 7.54 7.79 8.02 8.23 8.43 8.60 8.75 8.90

4.50 1 0.153 0.152 0.154 0.147 0.143 0.138 0.134 0.129 0.124 0.120 0.116
I 6.86 7.L3 7.40 7.G7 7.93 8.17 ..38 8.58 8.75 8.91 9.06

49.00 1 0.147 0.147 0.145 0.142 0.148 0.133 0.129 0.124 0 . 120 0.11G 0.112
1 6.98 7.25 7.52 7.80 8.06 8.30 9.52 8.72 8.30 9.06 9.1

... .... 4 0.I 0 I



Ax\Av 1 0.00 0.50 1.00 1.50 2.01)) 2.50 3.0) 3.50 4.00 4.50 5.00
I..............................................................................

0.00 1 0.17 0.166 0.1G4 0.161 0.157 0.152 0.147 0.142 0.137 0.132 0.128
I 5.4G 5.72 5.99 6.25 6.49 6.71 6.91 7.09 7.25 7.40 7.53

0.50 1 0.166 0.166 0.184 0.I60 0.156 0.151 0.146 0.141 0.137 0.12 0.127
1 5.72 5.98 6.25 6.51 6.75 G.97 7.17 7.35 7.51 7.66 7.79

1.00 1 0.164 0.164 0.181 0.158 0.154 0.149 0.145 0.140 0.135 0.130 0. 12G
1 5.99 6.25 0.51 6.77 7.02 7.24 7.44 7.62 7.79 7.04 8.07

1.50 10.161 0.160 0.158 0.155 0.151 0.147 0.142 0.137 0.133 0.123 0.!24
I 6.25 G.51 6.77 7.04 7.28 7.51 7.71 7.80 8.06 8.21 8.34

-.00 1 0.157 0.156 0.15 0.151 0.147 0.143 0.138 0.134 0.129 0.125 0. 121
1 6.43 6.75 7.02 7.28 7.53 7.76 7.96 8.15 8.32 8.47 8.61

S1.50 I0.152 0.151 0.149 0.147 0.143 0.139 0.134 0.130 0.126 0.122 0.118
I 6.71 6.97 7.24 7.51 7.76 7.99 8.20 8.38 8.56 8.71 8.85

300 0.147 0.146 0.145 0.142 0.138 0.134 0. 130 0.12S 0.122 ).118 0.114
I 6.91 7.17 7.44 7.71 7.98 8.20 8.41 8.60 S.78 8.34 9.08

3.50 0.142 0.141 0.140 0.137 0.134 0.130 0.126 0.122 0. 118 0.114 0.1-10
1 7.09 7.35 7.62 7.89 8.15 8.38 8.60 8.80 8.98 9.14 9.29

* 4.00 1 0.137 0.137 0.135 0.133 0.129 0.126 0.122 ().118 0.114 0.110 0. 107
1 7.25 7.51 7.79 8.06 8.32 8.56 8.78 8.98 -. 16 9.32 9.48

4.50 1 0.132 0.132 0.130 0.128 0.125 0.12: 0.118 0.114 0.110 0.107 0.103
1 7.40 7.6 7.94 8.21 8.47 8.71 8.94 9.14 9.32 9.49 9.63

5.00 1 0.128 0.127 0.126 0.124 0.21 03.118 0.114 0.10 0.107 0.03 0.100 -

1 7.53 7.79 8.07 8.34 8.61 8.835 9. 08 9.29 9.48 9.65 9.8 1

-- .. .°

-S, . .. L.-



S0.00

S G 'A-/ 1 0.00 0. 5c !-) I.~ Z. .0 .00 Z2. 50 3. 00 3.50= 4.00 4.50 5.00

- - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -.--

0.00 1 1.000 0.980 0.022 O.ES5 0.803 0.746 0.G95 0.651 0.612 0.578 0.547
1 21.61 2.83 3.09 3,27 3.41 3. 52 3.60 3.6G7 3.73 3.78 3. 82

Q-0 I 0.930G 0.941'I 0.2 ').0B923 0.774 ). 71S 0.671 0.6G-9 o.9 .5 .2

I: - .50.000 . Z

I 2 .63 2.93 3. 11 .:O2 3.44 3.55 3.G4 3.71 3.77 3.50 3.86

1.00 I 0.9535 0.9.7-7- 0.70 7 3.747 (.3GE 0.347 0.605 0.57 0.533 0.504 0.478
1 2.71 2.97 3.2. 3.2 3.3 3.65 3.74 3.2 3.38 78 393 .8

1.50 1 0.717 0.703 0.S2 2 .0.57 0.553 0.517 0.48 0.458 0.433 0. 411
1 2.95 3.11 3.24 3.24 3.70 3.82 3.93 4.01 4.08 4.14 4. 19

2.00 0.579 0.70 0.7 0.719 0.483 0.457 0.429 0.404 0.382 0.364 0.344 ':

S3.03 3.32 3.53 3.77 2.934 4.03 4.19 4 .29 4.37 4.44 4.49

2.50 1 0.45S 0.45 0.423 0.417 0.3S5 0.373 0.352 0.33 0.315 0.2399 0.2785
1 3.34 3.60 3.35 4.07 4.23 4.41 4.54 4.65 4.75 4.G3 4.8 9

3.00 1 0.3G4 0.331 0.351 0.337 O.321 0.305 0.299 0.274 0.271 0.249 0.238
I 3.69 3.95 4.21 4.44 4.64 4.81 4.96 5.09 5.20 5.29 5.37

3.50 1 0.293 0.291 Z.284 0.275 0.263 0.Z57 0.240 0.229 0.12' 0.209 0.201
1 4.03 4.35 4.62 4.E6 5.07 5.26 5.42 5.57 5.9 5.83 5.88

4.00 1 0.T40 0. 33 0.234 02 27 0.219 0.30 0.202 0.193 0.185 0.178 0.171
1 4.53 4.79 5.06 5.31 5.53 5.73 5.91 6.07 6.20 6.33 6.44

•.50 1 0.199 0.198 0.15 0..90 0.184 0.178 .171 0.165 0.155 0.153 0.147
1 4.99 5.25 5.32 5.77 6.01 6.2 6.41 6.5 8 6.73 6.36 6.98

5.00 1 '.147 0.166 0.164 0.161 0.157 0.15Z 0.147 0.142 0.137 0.132 0.128 "
1 5.46 5.72 5.99 6.25 6.49 6.71 6.91 7.09 7.25 7.40 7.53 '

I-



-- - -" . ° -

II

Ax - 0.50

S ic\Av 1 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0.1)0 1 0.960 0.260 0.910 0.649 0.768 0.732 0.G2 O.G39 0.601 0.5G7 0.537
I 2.86 3.11 3.34 3.52 3.66 3.77 3.86 3.03 3.99 4.04 4.08

0.50 1 0.941 0.923 0.873 0.817 0.759 0.706 0.659 0.G17 0.580 0.547 0.51 S
S2.89 3.14 3.37 3.55 3.69 3.81 3.90 3.97 4.03 4.08 4.12 

1.00 1 0.839 0.824 0.784 0.734 0.683 O.636 0.594 0.557 0.524 0.495 0.470
I 2.97 3 .22 3.45 3.64 3.79 3.91 4.00 4.08 4.14 4.19 4.24

1.50 1 0.705 0.S3 0.662 0.823 0.592 0.544 0.510 0.470 0.451 0.427 0.405
1 3.11 3.36 3.60 3.80 3.96 4.06 4.13 4.27 4.34 4.40 4.45

2.00 0.570 0.561 0.539 0.511 0.480 0.451 0.424 0.399 0.377 0.357 0.339
1 3.32 3.57 3.62 4.03 4.20 4.34 4.46 4.55 4.G3 4.70 4.76

2.50 1 0.453 0.4-8 0.433 0.412 0.390 0.369 0.348 0.320 0.312 0.2S 0.282
1 3.60 3.86 4.11 4.33 4.52 4.66 4.81 4.92 5.01 5.09 5.16

3.00 1 0.361 0.357 0.348 0.334 0.318 0.302 0.267 0).273 0.Z59 0.247 0.236
1 3.95 4.21 4.47 4.70 4.90 5.08 5.22. 5.35 5.46 5.56 5.64

3.50 1 0.291 0.2899 0.282 0.273 0.261 0.250 0.22 0.29 0.218 0.208 O0.195
I4.35 4.61 4.68 5.12 5.3 5. 52 5.09 5.833 5. 05 6.063 6.16

4.00 1 0.238 0.236 0.232 0.225 0.218 0.209 0.201 0.192 0.184 0.177 0.170
I 4.7S 5.05 5.32 5.57 5.79 G.00 6.17 6.33 6.47 6.50 6.70

4.50 1 0.108 0.197 0.194 0. 199 0.183 0.177 0.170 0.!84 0.15E 0. I UZI 0.147
1 5.25 5.51 5.78 6.03 6.27 6.48 6.S7 S.84 6.9 7.13 7.25

5.0o I 0.I6 0.1G6 0.164 0.1G0 0.150 0.151 0.14G 0.141 0.137 0.132 0.127
1 5.72 5.98 .25 6.51 6.75 6.97 7.17 7.35 7.51 7.63 7.79

.. . :..:
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A

A-. = 1.00

S1 G\AV 1 0.00 0.50 1.00 1 .50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0.00 I .928 0.910 0.864 0.806 0.748 0.G96 0.648 0.6(7 0.571 0.539 0.511
1 3.09 3.34 3.57 3.75 3.90 4.01 4.10 4.17 4.23 4.28 4.32

0.50 1 0.893 0.876 0.832 0.777 0.722 0.G71 O.G2G 0.587 0.552 0.521 0.493
1 3.11 3.37 3.G0 3.78 3.93 4.04 4.14 4.21 4.27 4.32 4.3G

1.00 1 0.793 0.784 0.74G 0.69. 0.G51 0.607 0.5G7 0.532 0.500 0.473 0.448 _
1 3.20 3.45 3.38 3.38 4.03 4.15 4. '5 4.33 4.39 4.44 4.48

1.50 1 0.673 0.66Z 0.33 0.52S 0.553 0.522 0.468 0.4 9 0.433 0.409 0.3-
1 3.34 3.GO 3.84 4.04 4.20 4.33 4.44 4.52 4. Go 4.GG 4.71

2.00 1 0.547 0.539 0.519 0.401 0.462 0.434 0.4(08 0.385 0.3G4 0.345 0.32
I 3.56 3.82 4.03 4.23 4.45 4.59 4.7i 4.31 4.89 4.97 5.03

2.50 0.438 0:433 00419 0:393 0:378 0.357 03238 0.318 0 303 0.29 0:274 ""
13.85 4.11 4.3G 4.59 4.78 4.94 5. 07 5.18 S.2Z8 5.3 S 5.44 r-.-

3.00 0.351 0.348 0.338 0.325 0.310 0.284 0.280 0.266 0.253 0.241 0.230
4.21 4.47 4.73 4.9G 5.17 5.34 5.49 5 .2 5.73 5.83 5.9 2

3.50 1 0.284 0.082 0.27S 0.267 0.256 0.245 0.234 0.23 0.213 0.204 0.195 ..- ,

I 4.G: 4.88 5.14 5.39 5.60 5.79 5.96 6.10 G.23 6.34 6.44

4.00 1 0.234 0.232 0.223 0.221 0.2:4 0.205 0.197 0.189 0.181 0.174 O.167
I 5.06 5.32 5.58 5.84 6.06G 6 .27 6.45 6.60 G.74 6.87 6.8

4.50 1 0.195 0.194 0.191 0.18 0.180 0. 174 0.169 0. I62 .15 6 0.150 0.145
1 5.52 5 .78 6.04 6.30 6.54 6.75 6.94 7.11 7.27 7.40 7.52

5.00 1 0.164 0.164 0.161 0.158 0.154 0.149 0.145 0.140 0.135 0.130 0.126 -
5.99 6.25 6.51 6.77 7.02 7.24 7.44 7.02 7.79 7.94 8.07

-': ...,..,



Px 1.50

S \- .005 .015 0 .03S .5 .04 0 0

1f\~ 3 .00 0.30 1.70 1.50 4.0 124.3 324.0 34 .41 4.40 4.50 457

1.00 1 0.747 o.834 0.80 075 6 0.050 0.6060 G 0.5 37.9 0.400 0.503 0.476
I 3.27 3.52 3.75 3.94 4.093 4.3f 4.40 4.3 4.43 4.49 4.530 -

1.50 1 0.633 0.817 0.777 0 .726 0 .65 0.629 0.461 0.543348 0.51 COG4 0.461
I3.30 3.50 3.78 4.7 4.41 4.24 4.34 4.4 4.482 4.33 4.571

* 1.0 I0.77 0.34 .69 0.65 06110.419 0.328 0.4995 0.459U4 .2

L .00 1 0.518 0.511 0.491 0.463 0.4383 0.1-.8 .6 .4 0.327 0.311
1 3.77 4.03 4.29 4.49 4.G7 4.n-2 4.9:24 5.04 5.13 5 .20 5 .27

2.30 ~ ~ ~ o I.470420399 0.391 0.331 .3 42 0.323 0.u 0200270.2
1 4.07 4.33 4.59 4.92 5.01 5.17 5.31 5.43 5.53 5.G1 5.69

* 3.00 1 0.337 0.334 0.325 0. 312 0 .29 9 0.293 0.239 0.256 0.244 0,233 0 .T_22Z
1 4.44 4.70 4.96 5.2-0 5.41 5.59 5.75 5.88 5.99 6.09 G.18

3.50 1 0.275 0.273 0.23G7 0.258 0.248 0 .237 0 .223' 0.216G 0 .20tj7 0.19S 0.190
1 4.863 5.12 5.39 5.33 5. 85 6.05 6.22 6.37 6.49 6.61 G.71

* 4.00 1 0.227 0.=25 0).22"1 0.215 0.208E 0.200 (:.1t.2 0.184 0. 177 0.170 0.163
1 5.31 5.57 5.84 6.09 G.32 G.53 6.71 G.87 7.01 7.14 7.25

4.30 1 0.190 0. 129 0)..96 0 .18e2 0.173 0.170 0.164 0.1 i53 0152 0.147 0.14Z
1 5.77 6.03 6.30 6.56 6.20 7.01 7.21! 7.38 7.54 7.67 7.80

5.00 1 0).161 0. 160 0 .1I52z 0.155 0.151 0.147 0 .12 IT.Z137 0.133 0).128" 0.124 r
I 6 .25 6.51 6.77 7.04 7. 28 7.51 7.71 7.89 8.06 8.21 8.34

-,7-



A:,= 2.00

S T\A 1 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0.00 1 0.603 0.788 0.748 0.G99 0.S49 0.S04 0.563 0.526 0.495 0.467 0.442-
1 3.41 3.66 3.90 4.09 4.24 4.36 4.46 4.53 4.60 4.65 4.69

L.30 1 0.774 0.759 0.722 0.675 €).622 0. 584 0.544 0.510 0.479 0.452 0. 42
1 3.44 3.69 3.93 4.12 4.28 4.40 4.50 4.57 4.64 4.69 4.74

1.00 1 0.695 0.633 0.651 0.611 0.570 0.531 0.4S8 0.4G5 0.437 0.413 0.391

1 3.53 3.79 4.03 4.23 4.39 4.52 4.62 4.70 4.77 4.83 4.88

1.50 1 0.52 0.532 0.55S 0.523 0.492 0.460 0.431 0.405 0.392 0.361 0.343
1 3.70 3.26 4.20 4.41 4.58 4.72 4.83 4.92 5.00 5.07 5.12

2.00 1 0.488 0.480 0.462 0.438 0.413 0.388 0.365 0.344 0.325 0.302 0.293
1 3.94 4.20 4.45 4.67 4.85 5.01 5.13 5.24 5.3 5.41 5.47

2.5O I 0.3S5 0.3S0 0.378 0.381 0.343 0 .324 0.306 o.2S0 027 5 O.262 0.24
1 4.26 4.52 4.78 5.01 5.21 5.38 5.52 5.64 5.75 5.t4 5.91 "

3.00 1 0.321 0.318 0.310 0.228 0.285 0.271 0.257 0.245 0.233 0.223 0.713
1 4.64 4.80 5.17 5.41 5.62 5.81 5.97 6.10 6.22 6.33 6.42 -

3.50 1 0.263 0.261 O.256 0.248 .0.228 0.223 0.213 0.209 0.199 Q. 191 0.183
1 5.07 5.34 5.60 5.85 6. 08 6 29 6.45 6.G0 6.74 6.5 6.96

"' 2 . • " l4.00( I 0.29 0.2!8 0.214 0.208 6. .201 0.193 0.186 0.179 0.171 0.164 0.15

1 5.53 5.79 6.06 6.32 6.55 6.76 6.05 7.12 7.26G 7 .29 7.51

--. 50 1 !.184 0.183 0.180 0.17S 0.171 0.166 0. 10 0.154 0.148 0.143 138"'
1 6.01 6.27 6.54 6.80. 7.04 7.2 7.46 7.63 7.79 7.23 8.06

n.00 1 0.157 0.156 0.154 0.151 0.147 0.143 0.138 0.134 0.129 0.125 0.121 
6.49 6.75 7.02 7 29 7.53 7.76 7.6 8. 15 8.32 8.47 S.l

• :-,:-. :
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= 2.50

SG\A A 0.00 0.50 1.00 1 .50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

0.00 1 0.746 0.732 0.696 0.650 0.G04 0.5G1 0.523 0.4P9 0.459 0.433 0.400
1 3.52 3.77 4.01 4.21 4.36 4.48 4.53 4.S 4.73 4.78 4.83

0.50 1 0.710 0.70 0.371 0.G29 0.=34 0.543 0.50G 0.473 0.445 0.419 0.3S7
1 3.53 3.81 4.04 4.24 4.40 4.52 4.62 4.70 4.77 4.63 4.88

1.00 1 0.647 0.G,G 0.S07 0.56S 0.521 0.4935 0.4G2 0.433 0.407 0.384 0.364
1 3.65 3.91 4.15 4.35 4.52 4.35 4.75 4.84 4.91 4.97 5.03

.50 0.553 5.44 0.5Z2 0.43, 0.460 0.431 0.403 0.37S 0.357 0.3 0.320

3.82 4.08 4.33 4.54 4.72 4.26 4.S8 5.07 5.15 5.22 5.28

2.00 1 0.457 0.451 0.434 0.412 0.383 0.365 0.344 0.324 0.30G 0.200 ).275 -

1 4.08 4.34 4.59 4.02 5.01 5.i3 5.22 5.40 5.50 5.58 5.63

2.50 1 0.373 0.3G9 0.357 0.342 0.324 0.307 0.290 0.275 o.2S 0.242 0.-3 -
1 4.41 4.68 4.94 5.17 5.38 5.55 5.70 5.92 5.93 6.03 5.!1

3.00 1 0.305 0.30-2 0.24 0.283 0.271 0 .258 0.245 0.233 0.2-2 0.Z12 0. 203
1 4.81 5.08 5.34 5.53 5.81 6.00 6.16 6.30 5.43 6.54 6.63

3.50 I 0.252 0.250 0.245 0.237 0.229 0.28 0.209 0.200 0-191 0.183 0.175

I5.23 5.52 5. 79 6. 05 6.28 6S.48 6.63 6.81 6.93 7.07 7.18

4.)o 0.210 0.209 '.205 0.200 0.193 0.186 0.17 1 0.172 0.165 0.159 0.12 l-,
1 5.73 6.00 6.27 6.53 6.76 6.98 7.17 7.34 7.49 7.62 7.74"

4.50 1 0.178 0.177 0.174 0.170 0.166 I.160 0.155 0.149 0.144 0.138 0.133
6.22 6.48 6.75 7.01 7.265 7.48 7.63 7.86 8.02 8.17 8.30

5.00 0.152 0.151 0.149 0.147 0.143 0.139 0.134 0.130 0.123 0.122 0.18 '
6.71 6.97 7.24 7.51 7.7G 7.99 8.20 8.39 8.53 8.71 8.85

'-. .,
il L.'1 '
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A:. = 3.00

S.G\ A I O.O 0..50 1.0 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

I------------------------------------------------------------------------

0.0 1 0.695 0.682 0.648 0.603 0.563 0.523 0.487 0.455 0.427 0.402 0.380

1 3.SO 3.86 4.10 4.30 4.46 4.58 4.68 4.76 4.83 4.89 4.94

0.50 1 0.G71 0.053 0.33S 0.53 0.544 0.503 0.472 0.441 0.414 0.390 0.36"
1 3.64 3.90 4.14 4.34 4.50 4.32 4.73 4.81 4.88 4.94 4. 09

1.00 1 0.G05 0.594 0.5S7 0.53Z 0.49S 0.432 0.431 0.404 0.38C) 0.358 0.339
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ABSTRACT

This paper summarizes the basic low-current laser-induced bunch-lengthening

measurements that have been made on the ACO Storage-Ring Free-Electron Laser

(SRFEL). The measurements provide verification of both the functional dependence

and absolute magnitude of SRFEL theoretical models. The method of measure-

ment, which is is explained, exploits frequency-domain techniques and is capable of

accuracies comparable to those of a streak camara. The measurements are in good

agreement with existing SRFEL theory and provide an important base for future

work.

PACS: 42.55T, 29.20, 41.80D
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INTRODUCTION

Operation of a free-electron laser as part of a storage ring [SRFEL] will cause

an increase in the nominal energy spread of the electron bunch if the optical

phase of the electrons is uncorrelated from pass to pass. This increase in energy -

spread results in an enlargement of the bunch length. The increased bunch length

and energy spread cause a reduction in gain and can lead to the saturation of

the SRFEL for low gain systems. As part of the LURE/Stanford ACO-SRFEL

project this FEL-induced bunch lengthening was measured for the first time on the

superconducting undulator mounted on ACO in 1981 [1,2]. In order to measure this

FEL-induced bunch lengthening, we have developed a frequency-domain technique

which measures induced bunch-length changes to I part in 103 and absolute bunch

lengths to a precision of l1% as established by data taken on stored electron beams.

In this paper we present an outline of the measurement theory, experimental

technique, and a complete description of the basic, low-current results of the laser-

induced bunch lengthening obtained on ACO. We present results which provide a

graphic demonstration of the scaling of FEL interaction, of the storage ring scaling,

and absolute magnitude of the FEL-induced bunch lengthening as a function of laser

intensity. An appendix is also included which summarizes the techniques used for

measuring the storage ring parameters necessary to compare the data with theory.

At high currents on ACO electron beam interactions with the environment

cause anomalous bunch lengthening [3]. This causes strong nonlinear, anomalous -

coupling with the FEL altering both the quantitative and qualitative heating effects.

The nature and scaling of the FEL interaction at high currents on ACO, which is

indicative of fine structure on the electron beam, have been reported elsewhere [4- r

7]. We will restrict this paper to those results which apply to the verification of

existing SPFEL theory.

3
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Measurement Theory and Procedure

All measurements presented in this paper were made while operating the SRFEL

as an amplifier to an external laser. This is the same configuration used for the

gain measurments [8,9]. Figure 1 is a schematic diagram of the ACO-SRFEL and

external laser. An argon-ion laser, D, is aligned coaxial to the electron beam in

the undulator through a mode matching telescope and optical transport system, E.

Synchrotron light from a bending magnet, F, is then detected on a fast photodiode.

The bending magnet chosen was to prevent any spurious light from the laser or

undulator from reaching the photodiode.

Figure 2 is a schematic of the electronic-detection system used for the bunch-

lengthening measurements. The synchrotron light, focused by cylindrical mirrors,

is detected by a fast photodiode (B &11 OC3002LN, or ITL3181) and sent via a low

dispersion cable (RG 331) to an RF-spectrum analyzer (.ALTECII Model 757) which

i it _"is interfaced directly with a computer. The interface between the spectrum analyzer

and the computer is used for the aquistion of global spectra. When monitoring the

bunch length changes, the analyzer is operated as a phase-locked receiver tuned to

a harmonic of the orbit frequency. The analyzer output can either be input to a

lock-in amplifier for synchronous detection at the frequency of the laser chopper, or

time averaged measurements can be made using an averaging digital oscilloscope.

In all cases the detected signal is recorded on the data aquisition system together

with the storage ring parameters including the RF voltage, the storage ring current,

and the output power of the external laser.

After injection of ACO is completed the undulator is closed and the magnetic

optics of the machine are compensated for the focusing induced by the undulator.

ACO is operated at the coupling resonance of the betatron tunes. This assures

nearly round beams for facilitating interpretation of the filling factors. Corrector

coils are used to change the orbit from the nominal, injection orbit to one which is

- . " centered in the undulator as established by imaging the electrons in the undulator.

4
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With the electron optics of the machine established through the undulator, the laser

is aligned onto the electron beam. After optimization of the magnetic field and laser

alignment, bunch lengthening data are taken.

Since the cumulative effect of the additional FEL-induced energy spread is

the p)rincipal concern, the description of the electrons in the storage ring can

be restricted to the synchrotron motion, including synchrotron oscillation and

damping, in the longitudinal dimension. Several works exist which give a complete

description of storage ring theory [10-12]. In linearized form the equation for

synchrotron motion has the form of a damped harmonic-oscillator driven by a noise " -

source [10]:

d2f 2d .q + 2 d+R 626 e . (1)-....-
d12  Tedt

In this equation f is the longitudinal phase of the electron measured with respect to

the .ynchronous or design electron in units of the orbit period T. The incoherent

energy damping time is 7e , and R is the angular synchrotron frequency of the

electrons. The two terms on the right-hand side of Eqn. (1) are the driving terms

arising from fluctuations as a result of the discrete nature of the synchrotron

radiaton 6q [10], and the interaction of the electrons with the optical field in

the FEL, 6 Efe [13]. Under idealized conditions, the quantum fluctuations give

rise to steady-state Gaussian electron distributions in energy a and phase a' 110].

The scaling factor between the two distributions is the ratio of the momentum-

compaction factor and the angular synchrotron frequency

2 2 (2)
(T f 22 o 9

The first-order interaction between the electrons and the optical field 6bte in

Eqn. (1) causes an increase of the nominal energy spread. In storage rings, since the

electrons are recirculated, the first-order damping of this increased energy spread

will occur from the normal synchrotron damping of the storage ring. (There is a

5
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possille [FL-induced damping but it is of higher order and becomes important only

at optical intensities much greater than those accessible on ACO (1-1-16].)

Generally tie optical phase of an electron in a SRFEL will be uncorrelated from

pass to pass in the undulator. This will be true unless deliberate action is taken

in the design of the storage ring as is the case with the isochronous-storage-ring

[17]. Because of the uncorrelated contributions, the FEL interaction will behave as

an ad(litional stochastic noise term in Eqn. (1). Its contribution will be scaled by

the energy damping time of the ring [1). In the small-signal case the Central-Limit

Theorem (181 provides the value of the expected increase in the steady-state energy

spread in the presence of the FEL:

Ol (7'o + (3) Of.-"

Here. r,o is the nominal relative energy spread of the storage ring resulting from

qualttlli fluctuations 1101. The optical phase of the electrons v' is averaged over

to obtain the second moment of the FEL interaction ((6(fe1) 2 ). At higher power

levels, where the FEL term in Eqn. (1) is comparable to ao,, the small-signal case

is 11o longer valid. Under these circumstances the energy dependence of the FEL-

indliced spread must be taken into account as Renieri and others have done for the

idealized SJIEL operating as an amplifier and oscillator [13,15,19-21).

A major consequence from the accumulated energy spread is the mechanism of

-P, gain saturation of the SRFEL for low-gain systems [6]. The gain may be depressed

and saturate in one of two processes: (1) the increased energy spread of the electrons

fills the energy acceptance of the undulator reducing the number of gain contributing

particles, or (2) the increased energy spread will increase the bunch length, and

thereby decreases the charge density and the gain which is proportional to the

charge density. Both of these mechanisms are central to the operation of SRFEL's,

and underscore the importance of the bunch-heating phenomena [22].

The synchrotron radiation from a normal bending magnent in storage ring is

3 .. -: generally assumed to have no coherent or interference effects present [23). The

6
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bending imignet mav be considered as an isolated element of the system, and the

electron phases are uncorrelated [21]. Since the emitted radiation is incoherent, the

number of photons emitted through a given solid angle of the bending magnent is

proportional to the number of electrons. Equivalently, the instantaneous intensity - -

of the synchrotron radiation I,(t) is proportional to the charge density p(I):

I(0 cx p(). (4)

The time dependence of the synchrotron radiation is characterized by a series

of pulses separated by a time T/k, where T, is the orbit period of the storage ring

(73.1 nanoseconds on A(CO) and k is the number of bunches stored in the ring. The

pulkes will have a temporal length a, which corresponds to the longitudinal length ",

of the electron l)ulse. One way of measuring the length of the electron bunch is

to simply measure the length of the optical pulse !,(1) emitted by the electrons.

homever, in practice unless a streak camara is used, this technique is incapable

of providing the precision required for adequate bunch length and induced bunch-

lengthening measurements.

In order to obtain the precision needed for measurement we adopted a frequency-

domain technique which measures the shape of the Fourier transform of I(t). The

Fourier tranform of the charge density and the synchrotron radiation intensity are

also i)rol)ortional:

04

I.P) 0 (w), (5)

If a detector is placed in the synchrotron radiation from the bending magnet

the signal recorded f(i) will be proportional to the convolution of the detector

time response to a delta function and the detected signal: f(I) o p(I) 0 cc(). In.

order to measure the pulse (bunch) length the response of the the detector must

be deconvolved from the recorded signal. This is relatively simple if the signal and .

detector response are Gaussian. but in practice detector response is rarely Gaussian

7
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17]. In the frequency domain the temporal convolution becomes a product and 1,,)

call be obtained quickly from F(.)) by dividing out the detector response P(W).

If 1,(/) is modeled the inverse bunch length can be estimated by fitting the

compensated spectrum F(&')/P(,,) to the apropriate envelope. Under idealized

conditions the longitudinal electron distribution will be Gaussian [101, so that

the tr n,forn envelope is also Gaussian. Figure 3 is the uncompensated signal

logI'(,;) from an actual electron beam stored in ACO. The spectrum was taken

during a typical synchrotron radiation run with moderately high current. The

electron energy- was 536NMeV and the RF accelerating voltage was 17.5kV. After

comlpensation for the photodiode response, the fit to a Gaussian envelope gives an

electrmn bunch-length of a,. 665 psec ±1.41%. The mean-squared correlation of

the lit 1?- > 0.092 which gives a confidence factor in the Gaussian fit very near

100';. At lower currents, such as those used for zero-current bunch-lengthening

measuiremnents at 2 10MeV, the typical bunch length measured is ,--'200 psee with

an uncertainty of -2% and a mean-squared correlation R 2 > 0.98. This is in good

agreement with the theoretical previsions for ACO [25].

For FEL-induced bunch lengthening the fractional bunch-length change is the

principal quantity of interest. The method of measurement is simplier for induced

changes than that used for measuring absolute bunch lengths. If the induced

bunch-lengt h changes are relatively small, or maintain their functional form, scaling

relations from Fourier tranform analysis require that the product of the second

moments remain constant because the total area under the pulse remains constant

[26]. For the storage ring this is applicable since the total charge of the electron

bunch is conserved. This invariance remains valid even under more general pulse

modifications as a special case of Parseval's theorem, and is related to the bandwidth

theorem and Schwartz's inequality [26]. If a single harmonic of the comb spectrum

of l(.') is examined the change in the amplitude will be inversely proportional to

the bunch-length change. On .XCO, where the direct measurements of the bunch

length have shown that the electron distribution is essentially Gaussian, a change

8
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from at, to atf results in a change of F( ,) of

II
ln(-- 2 (6)

2 2 2)

wvhere A (7 -a"t. The change in the signal amplitude, induced by a change in

the bunch length, scales as the square of the frequency at which the measurement

is in:3le. It is important to note that measurement of the fractional bunch-length

change is independent of the response of the detector system.

Figure -1 is a plot of the detected bunch-lengthening signal from ACO as a

function of the detection harmonic during a single bunch-lengthening measurement.

The least-squares-fit parabola shows clearly that for harmonics as high as 100OU the

low current bunch on ACO remains Gaussian. This justifies the use of the Gaussian

model for the electron bunch. The error bars are calculated directly from the

fluctuations on the measurement and represent ±1a. Since the fluctuations of the

electron bunch length are the source of the uncertainty the signal-to-noise should

remain essentially constant as long as the noise levels of the detection system are not

significant. Measurements at higher harmonics are dominated by the decreasing,

continuous-carrier harmonic level. The noise level of the detection system begins

to dominate at extremely high harmonics for which the carrier amplitude is too

small. This effectively imposes a limit assuring that measurements or. ACO will be

performed in the frequency regime where the electron RF spectrum is Gaussian.

The data of Figure 4 were taken using synchronous detection.

Combining Eqns. (2), (3), and (6) the induced fractional bunch-length change

Ar7; may be directly related to the theoretical predictions for free-electron-laser

bunch lengthening:

A0 - 1 2fe1)/,. (7)4 TOQl2
This permits direct verification of FEL bunch-heating models without recourse to

the absolute bunch length which must be compensated for the dectector response.
"", - ...-. :. 9



The senitivity and precision achievable by the frequency-domain measure-

ment., is superior to that achievable with the available temporal methods. The

detetisyste response is largely eliminated, or is easily compensated, for even

non-Gaussian-response systems. Rapid oscillations of the electron bunch results

oeNly in sidebands at the carrier harmonics which can easily be eliminated. The

frequency-domain technique is applicable to situations where disimilar multiple

bunches are present in the storage ring [7]. Additionally, the bunch lengthening can

be monitored continously for time-dependent response [6]. While streak cameras

have comparable resolution, precise absolute measurements require multiple correc-

tions fo r elertron transit-time spread and film density. No such corrections are

required in our frequency domain measurements in which transit-time spread in

the plhotodiode has no effect on the detected signal.

* Basic Experimental Results

The measurements presented in this paper were made with the NOEL permanent-

magnet un(liilator and optical klystron mounted on ACO [27]. They were also made

at total average currents of less than I nt-. This current level is dictated by the

thre-,hols ,,f anomalous bunch lengthening on ACO [2,-1]. The FEL oscillator could

never acheive ignition if operation was ever atteml)ted at this current level so all of

the bunch-lengt hening data were obtained while operating the SRFEL as an amplier

to an externa' laser [8,)]. All of the measurements presented here were obtained

with svnchronous detection with the exception of the time-resolved response of the I
electron I)unch (Figure 5).

Table I outlines the experimental parameters present at the time the time-

resoled iata, I igure 5, w-ere aquired. These parameters are typical for all of

the basic results preseinte(. Any differences will be noted with the individual
neasurenint.;-, ° -."".-
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Figure 5 is the time-averaged resl)onse of the induced quadratic bunch-length

change as a function of time. In the small-signal stochastic-heating model of SRFEL

the induced energy spread has the characteristic scaling given by the ratio of the

energy damping to the orbit period of the ring as can be seen in Eqn. (7). Note

that a decrease in signal logF(:) is an increase in bunch length. The measured

characteristic damping time is r/2 =30 ± 3 msec. The error on the indivudual

measurements of the damping time were actually much smaller than this and the

majority of the uncertainty arises from shifts in the mean energy of ACO from

run to run. The damping time was obtained by making a nonlinear fit of the

time-averaged response from several runs to the equation:

f(t) .41 exp(t.- 2 ) + A., (8)

The fits were made using a k2 reduction search. The confidence ratio of the fit

is > .S". The theoretical damping time for ACO at 2.10 NIeV is -r = 65msec.

j Thus the neasured characteristic time is in excellen agreement with theory. The

induced bunch lengthening on Figure 5 corresponds to an increase in bunch length

of ---S%. The data vere obtained by using a digital oscilloscope and averaging over

61 scans. The magnitude of the bunch lengthening and the exponential response

are consistent with existing hunch-lengthening models [1,13,15,201.

Figure 6 plots the detected quadratic-bunch-length change as a function of

the RF-accelerating voltage for a constant external-laser intensity. The constant

of proportionality between the scaling of the energy spread and the bunch length 7

is given lby the ratio of the momentum-compaction factor and the synchrotron

frequency as seen in Eqn. (2). Additionally,

-1

f2 U. (0).:-

The nominal bunch length is proportional to 1/ ' l / , where f' is the peak RF-

accelerating voltage of the cavity [10]. The detected signal Ao' should also obey

the 1/U' scaling as long as the FEL-induced effects on the beam do not alter the

. . . .... ... ~~-.. .. .... .. .,-.. .. .•,.-. . . . -. ... .-. . .

-.. o........ •..... ....



-. - - -- ~-*- -~-~ - -

* '-

svnchrotron frequency, or the coupling between the energy spread and the bunch

length. The solid line in Figure 6 is the least-squares fit to Aor2  b . The errors

for each of the data points is smaller than the symbols representing them and so

are not included. The proportionality of Eqn. (9) should hold as long as the RF

over-voltage is large compared to the energy loss per turn, (Uo = 280eV on ACO

at 2 10.\leV). At RF voltages comparable to the energy loss per turn the potential

well, which determines the synchrotron frequency, contains higher order terms.

These higher order terms become comparable to the quadratic terms resulting in a

departure from the 1/f' scaling as f' - U.

This scaling verification is important since numerical simulations indicate that

at high laser intensity a reduction of the synchrotron frequency should occur [21].

This will change the coupling between the bunch length and the energy spread.

Because of the possible coupling modifications it was necessary to verify that the

measurements maintained the proper functional dependence of scaling for quanta-

tive conlarision. 'nfortunately, the argon-ion laser and optical-transport system
on A( : are incapable of providing sufficient optical intensities to permit the ex-

anuinati, iof po ,sible synchrot ron-frequency depression. Because of this, and as

Figure 6 indicates, all measurements remained in a region of intensity where the

coupling between the bunch length and energy spread remains constant.

Figure 7is aI plot of bunch lengthening as a function of the transverse alignment

of the external laser with respect to the electron beam. Both the laser beam and

the electron beam have finite transverse dimensions so that the laser intensity seen

by an electron will not be constant but will vary from pass to pass. The finite

transverse beam size of the laser reduces the average intensity by a factor which

originates from the integral over the transverse distribution of the electrons and
transverse-laser mode. If the beams are coaxial the filling factor, Y, is

=+ >4+ l)~(10)
-v reeecrnb an Iim n,, o s, , 1 , ::::

for transverse electron beam (dimensions Y and a', and a laser beam waist tu. If the

12
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lbea ns ar (olineair. t hat is parallel but having a transverse displacement between

heir niaximia, the filling factor has the form

N% here

=exp K2 1 v/ -) + Y ) (12)

x)2( i 2 /4 + -)

The transverse displacement being x, and y,. The FEL-induced bunch lengthening-

shoulid have a G~aussian dependence as a function of transverse alignment of the

electron and o)ptical beamns if both have Gaussian profiles.

Figure 7 verifies the colinear filling factor .7t. The solid curve is a weighted

leas't-sqluares-fit Gaussian to the data. The errors bars are the calculated statistical

ulncert:intv of the measurements and represent ±1g,. Its o, .753mm which is in

gnod ag nreement with the predicted value of ( r) mm)n +(A4 mm)2 (.72 mm)2 where

5 4- was mecasured at .6mim for the laser and o-_ of the electrons was measured at

. 11 mm for thle electron beam.

\aEik has demonstrated, as part of the Gain-Spread Theorem, that the FEL-

induIcedl energY--sp~readl is proportional to the spontaneous emission power of the

I - undulator [28]:

-d
2 I

\~(ft1I~ -d~d ~(13)

r For a consta nt-lperiodl undulator this results in

MfC
3~ 4

and for the symnietric transverse op)tical klyst ron [16,20]:

[VfI 2) =2(1 + COS -L[(Ad N) Jn (15)

13
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In these equntions It is the peak Intensity of the optical field, and re the classical

electron radius. The total number of periods of the undulator, or optical klystron,

is V. The hairmonic of the on-axis radiation is n (n is odd); . is the filling-

factor, or electron beam - optical node overlap function. The undulator detuning.

parameter. 211 AX6 (r, and .1r'( !X + Ad), is the optical klystron detuning

parameter with .\( a characteristic of the dispersive section [16,291. The period of

the undulator is \o. K = eB,,X/2", mc is a dimensionless measure of the magnetic

field and is referred to as the wiggler K parameter, and nK 2 /(4 + 2K 2 ). The

resonant energv difference is &(5C (',- r)/r, where

(I + 1K 2 ). (16)
2X 2

is the resonant energy of the linear undulator.

Figure S is the verification of the Madev Gain-Spread Theorem for the un-

dulatr as a function of magnetic-pole-face gap. Figure 9 is the equivalent verification

for thw )ptical kstron. Figures S(a) and ,(a) are the quadratic laser-induced bunch-

lenihetling curves. Figures 8(b) and .)(b) are the spontaneous emission curves taken

in ilntical c('n(litions at the laser-beam wavelength of .51-15A. The excellent agree-

ment %ith the \ladev Theorem is immediately evident. The vertical scales are the

quiadrat ic-hunc-hngt h change measured. They correspond to a 6a/a % V-. The

hori ,ontal scales represent the magnetic-pole-face gap of the undulator, which can
~vi~lr I tr. Th

be equated to the magnetic field strength [27], and the wiggler K parameter. The

resonant energy may be obtained from Eqn. (16). The central axis corresponds to

magnetic-pole-face gap of 36.7 mm, 7 = 1.93, and a resonant energy of 238MeV

for the undulator. For the optical klvstron the central axis represents a gap of

36.S am, K = 1.92. and a resonant energy of 237 MeV.

If the difference in the peak laser intensity and transverse filling factor is taken

int account for the two curves the ratio of the bunch lengthening observed on the

- .unlha t<r and the optical klystron is equal to the square of the total number of

"p ri, in each device:

14
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This is in agreement with the theoretical prediction based on Eqns. (14) and (15).

The small-signal stochastic-heating model of the SRFEL predicts that for low

pump-laser intensities

AC2C ((b )2 )' OC 1,. (18)

On ACO the verification of the linear response of the bunch lengthening to the

pump laser was done as follows: Since the NOEL-undulator magnetic field is linear

polarized in the vertical, y, direction the electrons oscillate in the horizontal plane.

The laser is normally linearly polarized in the veritcal direction. It is rotated in the

horizontal plane by using a half-wave plate. The initial angle of the half-wave plate

is optimized by the bunch-lengthening signal, and bunch-lengthening measurements

are then made as a function of the half-wave plate orientation. Angles are selected

for measurement such that the points are evenly distributed in a linear space.

Figure 10 plots the bunch lengthening as a function of the laser intensity. The

deviations from the straight line appear to be systematic errors since they were

present in identical form over different experimental runs. They apparently were

not induced by either a transvese displacement of the laser beam as the half-wave -

plate is rotated, or the result of an elliptical polariztion of the laser beam, causing

an additional component with the proper polarization to be continually present.

The elliptical-polarization error would cause all intermediate points to lie above

a straight line whereas the majority of the deviations lie below. An additional

possibility of a transverse-mode deformation was eliminated as measurements of

the laser transverse dimensions as a function of polarization rotation indicate little

or no deformation. One possibility remaining is stress-induced birefringence of the

vacuum window, resulting in a polarization rotation of the laser beam as it enters

the undulator vacuum chamber.

15
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The horizontal uncertainty bars result from the inaccuracies in the knowledge

of the power transmission of the optical transport system. The solid line is the

least-squares fit of the data to a straight line with x and y intercepts at the origin.

Its slope is 1.8 ± .1 X 10-23 sec2 -cm2 /W.

The theoretical values are also plotted on Figure 10. The small-signal stochastic-
4

heating model predicts a slope of 2.07±.05 X I0 - sec 2 -cm 2 /W under the operating

conditions of the experiment and is represented on Figure 10 by the dashed line.

The uncertainty in the theoretical value is the cumulative result of the inaccuracies

of measurement in the filling factor in the undulator, and the other storage ring

parameters. The solution of the Fokker-Planck Equation at the power levels of

these data is indistinguishable from the small-signal stochastic-heating model [13.]

The X' symbols represent heating values predicted by numerical simulation of the

ACO-SRFEL amplifier [211. The basic experimental results show good agreement

with FEL theory in both functional scaling and absolute magnitude, demonstrating-

that the basic interaction between the electrons and the laser is well characterized.

Conclusion

The experimental results suggest several important conclusions concerning the

beam-heating aspects of the SRFEL. The SRFEL is a stable system. The induced

heating, resulting from the FEL on the storage ring, can be compensated for by

the incoherent synchrotron-radiation damping. At low current, where interactions

between the electrons and the envirnoment are small and no collective effects are

present, the experimental results of the FEL heating are completely consistent with

basic theory of the SRFEL. The argeement with theory is not only in the functional

dependence of the scaling relations, but in the absolute magnitudes of the heating

predicted by theory and numerical simulations. In addition, on ACO, the data show

that the small-signal heating model gives results that are adequate for explaining #-'

behavior and predicting the magnitude of the laser-induced electron-beam heating.

- .
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The differences of the small-signal heating model and and solution of the Fokker-

Planck equation and numerical simulations [13,15,21] will only become important

at optical field densities much higher than those accessible on the ACO-SRFEL

system.

With the energy aperature of the storage ring dictating the output power limit

and efliciency of the SRFEL, improvements must be made in the energy acceptance

of storaige rings. For SRFEL systems with linear wigglers [13]

Pl.aer ma ,oPsyn. (10)

The output power of the laser is Paser, the total synchrotron-radiation power is

P,, and the maximum allowable energy spread of the storage ring is o s.In-

order to avoid catastrophic reduction in the the electron beam lifetime, the half-

width energy aperature of the storage ring AE should be at least six times the energy

spread of the electron beam, Ac > 6rm, [101. This limit includes the energy-

spread contribution resulting from FEL-induced beam heating. If the wiggler energy

envelope is non-Gaussian, as is the case for a linear wiggler, the total energy spread

can approach Ac [13,301. Storage-ring technology is such that AEmax 8% as in

the case of ADONE for the LEDA project [31]. To give an idea the limit imposed by

the aperature on the output power, consider the ACO-SRFEL [5,6] and the proposed

Stanford-SRFEL [32]. The maximum allowable energy spread for the ACO-SRFEL

is -- i%. and for the Stanford-SRFEL design it will be as large as ,- 4 -- 6%.

The Stanford-SRFEL has a proposed total average current of 1000mA, and for

this example consider ACO to have a total average current of 100mA. Assume

that both SRFEL's will be storage-ring acceptance limited. The maximum average

power of the laser on ACO at 166MeV (2-10MeV) over such conditions would be

-100mW (-300 mnV); and for the Stanford-SRFEL, which will operate at IGeV,

the corresponding average power limit is -50- 700W.

For short-wavelength applications in the ultraviolet, and x-ray regions of the

elect ro-magnetic spectrum the limit imposed by the energy aperature will not be a

17
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major concern, and present storage-ring design technology should be sufficient, for

ssucessful operation [32]. Even for visable wavelengths the energy aperature limit

still allows the SRFEL to be a very attractive high-power source of tunable coherent

radiation. However, for high-power operation, or increased high efficiencies for the

laser the energy acceptance must be increased. The energy aperature limit will

remain a central concern in the full development of high-efficiency SRFEL's. Either

storage ring technology must succeed in improving energy acceptances or alternative

svstems, such as the isochronous storage ring FEL [17], must be developed.
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Appendix - Storage Ring Parameter Measurement

In this appendix we list the measurement techniques used for various storage

ring parameters necessary for comparing the laser-induced bunch-lengthening data

with theory. In order to obtain a quantitative measurement of the laser-induced

bunch lengthening several control measurements are neccessary. In addition to

the characterization of the external laser, the mean energy of the storage ring, the

relative energy spread, the transverse dimensions of the electron beam, the betatron

tunes, the synchrotron frequency, the momentum-compaction factor, and average

stored current must be measured. Since the magnetic optics and the RF cavity

18
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remain constant on the storage ring, it is necessary only to measure these quantities

once. then monitor the peak RF-cavity voltage and the stored current.

The mean energy is normally obtained by measuring the current being drawn

by the bending magnets in the storage ring and calculating the corresponding

magnet field, and deducing the energy of the ring with a knowledge of the RF-

cavity frequency [10]. On ACO this method of measurement is subject to errors of

several percent. This is because of the temperature-induced voltage variations in

the shunts used to monitor the current supplied to the bending magnets, and from

non-standard cycling of the magnets. The most accurate method of calibrating

the mean energy, well suited for permanent-magnet SRFEL's, is that of measuring

the center wavelength of the spontaneous emission. The central wavelength of the

Spolt a nitoius emission, either of the undulator or the optical klystron, and the known

mangnetic field given [27] as a function of the magnetic-pole-face gap determine the

mean energy of the storage ring to great accuracy. For NOEL on ACO as a function

of pole-face gap the on-axis magnetic field is a simply an exponential [27]. The

resonant energy of the undulator, which is also the mean energy, is given by Eqn.

The two principal techniques normally employed for measuring the energy

spreal on storage rings are not readily employable on ACO. The method of measur-

ing the energy spread of the core of the electron distribution by imaging [10,33] is

not realizable since at no point on ACO, where the beam is imaged, is the ring

sufficiently dispersive to make a good quantitative measurment. Scrapers, usually

used for measuring the tails of the distribution [33], were removed from ACO. A

third tmethod attempted on ACO for measuring energy spread was that of recording

the betatron tune envelopes when modulated by the synchrotron oscillations [3.11.

The principal problem on ACO is that the horizontal tune is the most sensitive

to these fluctuations, but there are no electrodes on the storage ring capable of

effective horizontal excitation or detection.

7" • The method which proved to be more successful and precise monitored the
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depth of modulation of the spontaneous emission of tie optical klystron in or-

der to measure the energy spread. This technique permits the energy spread to

be measured simultaneously with oscillator operation by passing the spontaneous %

emission through a monochromater and situating a photomultiplier at one of the

minima of the spontaneous-emission curve. Changes in the energy spread result in

a decrease in the modulation depth and a subsequent increase in the detected signal

[16,29.35].

Figure 11 is a plot of the energy spread detected by this method while scanning

RF voltage in a current regime where turbulent bunch-lengthening thresholds are

present. The thresholds at -17kV, 14kV, and at -,-12kV are clearly visible.

The transverse, electron-beam dimensions were measured by two techniques.

The most accurate and reproducible method was that of imaging the synchrotron

Sraiiat ion from a bending magnet with a convergent lens onto a Reticon CCD

[Charge Coupled Device], linear diode array. The signal from the CCD was then

4.. read on an oscilloscope at a known rate. The use of a digital oscilloscope with a GPIB .

interface allowed the transfer of the data for fitting. Alignment was accomplished

by using an external signal generator and exciting one of the betatron tunes. This

would cause the beam to enlarge in one of its transverse dimensions. Then, the

CCI) would be rotated until the widest pulse width was located. The other tune

would then be excited establishing the other dimension. This assured that the two

orthogonal axes of the electron beam were being measured.

Betatron tunes were measured principally by external excitation and by ob-

serving the transverse beam profile on one of the video cameras which imaged the

beam in the storage ring. The frequency of excitation then was input to a mixer

with the orbit frequency which gave an output signal at the frequency of that par-

ticular tune. This method suffered from two shortcomings. The excitation required

for t lie two separate tunes was disproportionate in amplitude. The disproportionate

excitation again was a result of there being no electrode plates on the storage ring

capable of exciting the horizontal tune. Because of this it was easy to lose all of

20
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the stored beam by accidently exciting the strongly coupled tune while seeking the

weaker tune. Additionally, this method could be time consuming if an accurate

measurement of the tunes was needed, since the resonances varied in their width

an(l definition from run to run. I
To avoid the problem of the external-excitation detection of the betatron tunes,

a technique using a broadband noise generator and the RF spectrum analyzer
connected to an electrode on the storage ring was attempted. However, the tunes

themselves were only about -- 5 dB above the noise level, and were ,-,70dB down

in amplitude from the orbit frequency signal. The value of this method was also

reduced because of the unsuitable electrodes on ACO. However, it is the most

typical method of measurement of the betatron tunes employed on the principal

storage rings in operation.

The spectrum analyzer was employed for the measurement of the synchrotron

frequency. It is by far the most effective and direct method of measurement. The

synchrotron frequency could be measured by either modulating the RF-accelerating

cavity voltage with an external low-frequency signal generator, 1- 20kHz, and

detecting the level of coupling between the excitation and the electron beam. Or,

a second technique, which is non-invasive, consists of recording one of the orbit

harmonic's natural sideband spectrum. The peaks are subsequently fit to determine

the synchrotron frequency.

The momentumn-compaction factor is the constant of proportionality between

the orbit path-length differences and the energy of the electrons [10]. It is most easily

measured by changing the frequency of the RF accelerating cavity and recording

the shift in the mean energy of the stored electrons. The most sensitive and direct

method manner of making this measurement is to use the spontaneous emission of L
the opticail klystron.

Figure 12 is a composite set of spontaneous emission spectra of the optical

klvstron taken as a function of magnetic-pole-face gap at various RF-cavity fre-

quencies. The resonant energies can be obtained from Eqn. (16). The shifts in the
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,ax ia and minimia were measured and used to determine the induced change in

energy of the electrons resulting from the changre in RF frequency. The changes

in energy were in turn least-spuares fit to a straight line in order to obtain the

momentum-compaction factor. The measured value for a on ACO was 0.028 at

2-10 \leV.

The technique used for measuring the stored current on ACO was to monitor

t te average signal current from a photor~idltiplier illuminated by synchrotron radia-

tion. Addlitionally, the signal amplitude of an electrode on an oscilloscope was used.

Both of these techniques were calibrated with a DC transformer developed by M.

Bergher [36]. Both allowed very good relative current measurements, but limitations

on 1)0th techniques reduced the absolute precision of stored-current measurements

An imlpedlence mismatch caused the signal on the oscilloscope to be inconsistent

from one vertical scale to the next. The photomultiplier tube was sensitive to stray

magnetic fields and changes in energy of the storage ring. The signal from the

phoitoiniilt iplier tube varied from run to run because of changes in cycli ng of the

ring magnets andl operating point.

• . .- %
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TABLE I

Basic Experimental Parameters

Electron Energy E 238 MeV

Momentum Compaction - 0.028

Synchrotron Frequency ,Q/27r 64901lz

Electron Bunch Length U 200 psec

Energy Damping Time r 65 msec

Electron Beam Width (Horiz.) 0.3-1 mm

Electron Beam Width (Vert.) o'Y 0.33 mm

Undulator K Value K 1.93

Undulator Period X,7.78 cm

Laser Wavelength X 51-15A"

Laser Peak Intensity Ii 175 W/cm 2

Laser Beam Waist w 1.2 mm

Orbit Frequency w0/27r 13.618N II z

Detect ion Frequency w/27r 1062.2 MHz*

Number of Bunches 1

*7811. Harmonic
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Figure 4 Plot of log F,( ) - IogFf(w) as a function of detection frequency
mleastired as harmonics of the orbit frequency for a single bunch -
lengthening measurement. The solid line is a least-squares fit of
the dlata to a parabola, the response expected for a Gaussian beam.
The error bars are measurement fluctuations of ±1or.%
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Figure 5 Time averaged response of the electron bunch length at low current
to the external laser. The upper trace shows the time dependence of.
log F( ,), the power output of the photodiode detector at the 78th
harmonic of the orbit frequency (1062.2.%Itlz). As explained in the
text. an increase in the bunch length corresponds to a decrease in
signal amplitude of logF(w). The lower trace records the external
laser intensity incident on the electron beam.
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Figure 6 FEL-induced quadratic bunch-length change as a function of RF
accelerating cavity voltage. The solid line is the least-squares fit
of the data to 1/V,.1 . The statistical errors are smaller than the

sm bolIs representing the data points The data should scale as',
as long as the FEL interaction does not effect the scaling between
the energy spread and bunch length.
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Figure 7 FEL-induced quadratic bunch-length change as a function of trans-
verse laser alig-nment. The solid line is the weigrhted least-squares
fit to a Gaussian with a a = 0.7.5 mm, in grood agreement with the
theoretical value of 0.72 mm for the colinear fillingr factor. The error
b~ars are measurement fluctuations or ±Ia.
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Figure 8 (a) FEL-induced bunch lengthening as a function of permanent-
magnet undulator magn etic- pole- face g-ap. The maximum of the
signal corresponds to a bunch lengthening of -6% at a g-ap of
.36.7 mm, equivalently a K = 1.93, or a resonant energy of 238 NfeV.
The error bars are measurement fluctuations of ±lo,. (b) Spontaneous
emission of the permanent magnet undulator as a function of magnetic-
pole-face gap at a fixed wavelength (5145A).
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Figure 9 (a) FEL-induced bunch lengthening- as a function of permanent-
magnet optical klystron magnetic-pole-face gap. The central axis
corresponds to a gap of 36.8mm, a K = 1.02, and a resonant
energy of 237NMeV. When difference in incident laser intensity is
accounted (or the maximum observed lengthening is a factor of 1.5.
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Figure 10 Quadratic laser-induced bunch lengthening as a function of peak
laser intensity obtained by polarization rotation. The solid line is
least-squares fit of to a straight line through the origin, and has
a slope of 1.8 .1 X 10- 2 3 sec2 -cm 2 /W. The dashed line is the
value predicted by the stochastic small-signal heating model based
on the operating conditions present has a slope of 2.07 ± .05 X
10-23 sec 2-cm 2/NV. The vertical error bars are are measurement
fluctuations of ±ia. The horizontal error bars are the result of
laser-power transmission uncertainties.
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Figure 11 Electron beam energy spread measured with the optical-klystron
spontaneouis emission as a function of the RF-cavity. This scan
was taken at moderate electron cuirrent in the ring- at 238 MeV and
Shows anomnalouis bunch-lengthening thresholds.
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Figure 12 Optical-klystron spontaneous-emission curves as a function of magnetic-
pole-race gap at a fixed wavelength (5145A) for various RF-cavitv
frequencies. The energy shifts shown by the curves resulting from
the changing of the frequency correspond to a momentum-compaction
ractor or 0.028.
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Abstract. To improve the gain in the Orsay storage ring Free Electron Laser (FEL)
experiment, the 17 period permanent magnet undulator has been modified to form an
optical klystron (OK). We report the measurement of spontaneous emission and the effects
on it of energy spread and angular spread. Gain and laser induced bunch lengthening
measurements with the OK are also reported and are in very good agreement with the FEL
classical theory. The spontaneous emission spectrum which is easy to measure with good
signal to noise ratio, turns out to be a very good diagnostic tool for energy spread and angular
spread measurements on storage rings. The factor of four increase in the small gain obtained

-, by converting the undulator NOEL into an OK was the critical factor in the recent
* operation of the ACO storage ring laser above threshold.

PACS: 42.60, 42.55

The main purpose of the Orsay experiment is to prove gain. Several directions have been followed to improve
the feasability and test the theories of a storage ring free the gain. The most successful approach has been the
electron laser (FEL) in the visible range. A permanent modification of the undulator into an optical klystron
magnet undulator has recently been built [1,2] and (OK).Inthispaperweshalldiscussourexperiencewith
has successfully operated on the electron storage ring the OK. The OK originally proposed by Vinokurov
ACO in the energy range 150-540 MeV [3]. However and Skrinsky [4] consists of two identical undulators

*ACO is not optimized for FEL studies. The relatively separated by a dispersive section forcing the electron
low electron density (for storage rings) and the short into a single large wiggle (Fig. 1). This configuration
length of the available straight section have conspired has a higher gain than an undulator of the same total
to limit the gain available with an undulator to I to length. Such a device can be used to advantage on
2 10- 4 per pass at a wavelength .=6300A and electron beams with energy spread and it allows the
240 MeV electron energy. Even with state-of-the-art maximization of the gain in an interaction region of
mirrors, laser operation is impossible at this level of fixed length.

Pemnn rseEarly results have already been reported [3]. In this
D Permanent addresses: paper we report on the dispersive section optimization
Deacon Research. 754 Duncardine Way, Sunnyvale, (Sect. 1), spontaneous emission measurements (Sect. 2),

CA94087, USA (" 1""s
. 2 Ecole Sup rieurc de Physique et Chimie, 10, rue Vauquelin, gain measurements (Sect. 3) and laser induced bunch

F-75231 Paris Cedex 05, France lengthening (Sect. 4). The spontaneous emission results
" ".Dpartcmcnt de Physico-Chimie, Service de Photophysique, are very detailed because they are easy to measure with

CEN Saclay, F-91191 Gif-sur-Yvelte, France a good signal to noise ratio and give much information
- High Energy Physics Laboratory, Stanford University. Stan- on the OK FEL behaviour.

0- ford. CA 94305, USA
Lahoratoire de Photophysiquc Moleculaire, Bitiment 213. We use the notation of the theoretical description of

Universite de Paris-Sud. F-91405 Orsay, France optical klystrons of [5].
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away from the axis of the electron beam (Fig,. 2). The VERTICAL MAGNETIC FIELD
calculated trajectory is shown in Fig. I which shows a ,To
large wiggle of about 2 mm amplitude for an electron
energy of 240 NIeV and a gap of 33 mm.

2. Spontaneous Emission HORIZONTAL ELECTRON TRAJECTORY

2.1. General Features oj the Fundamental

As was done for the undulator, the electron beam is __ _
initially aligned by optical means into the axis of the
vacuum chamber within + 1 mm [3].
The spontaneous emission pattern of the optical
klystron looks the same to the eye as that of an Fig. 1. Vertical magnetic field calculated for the Orsay optical

undulator [7, 6, 3], namely a series of concentric klystron (gap: 33mm) and the corresponding calculated

coloured rings with a similar pattern produced by each horizontal electron trajectory at an energy of 240 MeV
harmonic at progressively larger opening angles. The
big difference appears in the spectrum.
The experimental set up used to measure the ---
spontaneous emission spectrum has already been
described [6]. It consists of a 1750mm focal length
spherical mirror placed at about 6.5 m from the center W O -0

of the optical klystron. '.---- --
The light transmitted by a75 pm pinhole placed at the " -
focal distance from the mirror is sent through a lens
into an M20 uv Jobin Yvon monochromator (4A Fig. 2. Dispersive section permanent magnet configuration
resolution with 0.1 mm slits). The output of the optimizing the low field gain
monochromator is then sent into a Hamamatsu R 928
photomultiplier. Fig. 3 shows a spontaneous emission
spectrum of the fundamental at an energy of 240 MeV
for a gap of 34.4 mm at low current in the ring.
We have compared the envelope of the oscillations a
with that of the emission spectrum of a perfect
undulator having exactly N sinusoidal periods, the
fields outside these periods being exactly zero. The lit)
emission spectrum d/d. of such an undulator is:

dl I (sins (3).
d-..3:-'-

with 6=n nN(I -AR/A),'-

where ;'R is the resonant wavelength and n is the
harmonic number. Fitting the envelope to curves given 6000 5000
by (3) gives N = 8.1 + 0.1 instead of 7. This discrepancy Fig. 3. Spontaneous emission spectrum dl/d;dQ measured for an
is probably due to the dispersive section field which electron energy of 238 McV and a magnetic field parameter of
could be partly resonant with the other 7 periods. It is K =2.09atlowcurrent wherethemodulationisalmost total.The

certainly not due to the fringe field of the half periods current decay 1(t) is superimposed

which slightly decreases the effective number of
periods. The envelope of oscillations also presents a
long, short wavelength tail with the secondary Plotting the Nd of each maximum as a function of 1/'.,
maximum amplitude lower than expected. This effect we verified a high linearity (0.9999 correlation
was also seen in the 17 period undulator emission coefficient in the range 0.3 <; <0.7 [im]). From the
curves and is due to the parasitic tail of the ACO slope, we can calculate the experimental value of Nd

- bending magnets fringe field [2]. Similar curves of which is Nd =65.3+0.2 at -nc 2 =240MeV and
." - ." " emission were obtained as function of energy or field in . = 6238 A for a dispersive section gap of 35 mm. This

the dispersive section (by changing the gap). value is close to the value Nd= 68 predicted from the
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Fig. 4. Spontaneous emission spectrum
dlid.dt2 measured for an electron
energy of 240 MeV, a current of 40 mA
and a magnetic gap of 35 mm. The non
complete modulation is due to
fractional energy spread of 1.2 x 10

6000k 5000A

Fig. 5. Spontaneous emission spectrum
dl d.dQ measured at low curent and
240 MeV. The modulation is reduced
below that of figure 3 by inducing large
angular motion in the beam with a
broad band noise source applied to an
electrode in the vacuum chamber. Note
the non-symmetric modulation
characteristic of the angular spread as
opposed to the symmetric modulation
observed in the case of a dominant
energy spread (Fig. 4)

6000 sooo

attributed entirely to the energy spread in this case for We have also measured f and deduced a for the first .'.
two reasons. All the other contributions are predicted three harmonics recorded at the same energy, current
to be negligible as we will see in the next two sections, and gap. This data can be used for a more precise check
and the deduced energy spread [5], namely of the ; dependence. Table4 summarizes the 6-

measurements after deconvolution from the
y 1g 2 0monochromator response.4- l +N ) 21ogf 1i.2 x 10

7 4 1r(N+N,) In Table 4 the measured a is compared to the predicted
values from three different energy distribution shapes

is consistent with the value 1.4 x 10 + 0.2 predicted all normalized the fundamental. We observe a good
from the measured bunch length assuming constant agreement with the Gaussian energy spread predicted
synchrotron frequency. from storage ring theory [9]. The accuracy of this test
The theory also predicts that for a Gaussian energy on the energy distribution depends on the assumption
spread f - exp(-a/2) with ax 1/.. Calculating for that for a monoenergetic filament beam the
the eleven largest fine structure peaks one verifies the modulation rate f is equal to 1. Residual modulation
proportionality of a versus 1/;. with a correlation can be produced either by field errors in the OK, or an
coefficient of 0.95. Such a test is not powerful since I A error in the pinhole positioning with respect to the
does not change much inside the bandwidth of the mirror focal point. We have measured a 0.935
fundamental, modulation depth at very low current, subtracted all

%::::
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Fig. 6. Effect on the modulation rate of the horizontal angle of Fig. 7. Effect on the measured modulation rate of the vertical
observation with respect to the electron trajectory axis. The curve angle of observation with respect to the electron trajectory axis. -

plotted is the least squares lit of -;. 2 log (mdulation rate) to a The lit gives the vertical angular spread a= 0.12 + 0.005 mrad
second order polynomial of the angle. The lit gives the horizontal
angular spread ao 0.12 +0.01 mrad

where a and x are the horizontal and vertical rms and 5 mA of current, respectively. As for a regular
-. transverse spreads. Q, and Qy are coefficients undulator, an ideal optical klystron does not emit any

- connected to the field gradients in the dispersive 2nd harmonic on axis and in fact, the measured peak
section. They only depend on the field geometry and intensity in Fig. 8 was only 8% of that of the
are equal to zero if the field is exactly uniform. Q, - 3.4 fundamental. This residual intensity is due to the
x 10-'mm -2 was deduced from field measurement; trajectory effect of the fringing fields of tl-e two

this value is just 10% lower than anticipated from the adjacent bending magnets of ACO. The third
field calculation. These calculations also predicted Q. harmonic has a shape similar to the first harmonic.

8.4x 10- 5 mm- 2, a value which has been roughly Fitting for N to the envelope curve of(3)gives N=3.8
confirmed by the field measurements. Taking instead of 7. We know from the 3rd harmonic
ar,=a,.=0.35mm (low current) and a. = a=0.5mm measurements on the 17 periods undulator that
(30 mA of current at 240 MeV) on has f=0.9985 (low inhomogeneous effects are not responsible for this
current) to f=0.997 (high current). Such a tiny effect broadening [3]. The dispersive section must therefore
was covered experimentally by the energy spread and be responsible for this effect either via an imperfect -
the angular spread. In some cases, verification may by compensation or through a destructive interference
possible by injecting the electron beam at a distance introduced by the dispersive section at the undulator
(xo, y,) from the dispersive section axis. Equation (12) wavelength.
still applies if one replaces a(Y) by .+X0x"-
('+ 2v 2). Such an experiment was not possible on
ACO because of the change in the beam focussing 4 s S n ns

which would have occurred at the same time. The The dispersive section is equivalent to a three pole
modulation rate only depends weakly on the injection wiggler and therefore, has a broad emission spectrum..
point in the dispersive section. As in previous If one is just interested in the FEL gain improvement,
subsection one can define the apertures: horizontal one can ignore thedispersive section intrinsi emission.
aperture: + 20 mm; vertical aperture: +4.7 mm. However, apart from the OK fringes present across all

the spectra we have observed (0.2 to 0.7 prt) and apart
2.3. Harmonics from the broadening or narrowing of the emission
Figures 8 and 9 show the second and third harmonics curves (which we have already discussed), there are
recorded at 240 MeV and a gap of 32.60 mm at 0.3 mA some unique features which appear in the spontaneous

*.'.*
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(a) (b)

Fig. II a and b. Transverse horizontal beam profiles of the light

emitted by the electrons in the optical klystron. In (a) the .

interfierence filter center wavelength falls inside the undulator
fundamental resonance; the peak is mainly due to the emission by
electrons in the two undulators. The lell hand shoulder is mainly
due to the emission in the dispersive section. It is still present in "_
(b) where the gap was decreased to suppress completely the
undulator emission

and not in the vertical. The peak of Fig. 1 Ib shows
maximum definition when the CCD is positioned in
the image plane of the dispersive section. This peak
corresponds to light emitted from a source displaced
about 1.5 mm from the undulator axis as compared to Fig. 13. Three photographs filtered at 5500 A of the interference
the theoretical 2 mm off axis excursion of the electrons structure produced in the optical klystron at large gap. From top

in the dispersive section. to bottom, the magnetic field is increased by closing the gap. The
beam axis is marked by the black cross at the center of each

Optical Klystron Emission at Large Gap. At large gap pattern, and the points A and B calculated from the magnetic
the undulator field vanishes exponentially, much faster field strength in the OK are marked with white crosses

than the dispersive section field. The usual coloured
ring [7, 6, 2] due to the interference of light from the
undUlator periods vanish. However one still sees a periods:
double interference structure centered about the = - d
undulator axis. A black and white reproduction is n- ; .2( 2 02), (13) .
given in Fig. 13 for the gap series {142, 121, 182 mm} at C 12 f#c c -r2c.

240 MeV. The dispersive section maximum field is where d is practically half of dispersive section length
{660, 1150, 1570Gauss), more than 20 times larger and n is an integer.
than the undulator peak field. This emission is not due For monochromatic light the interference maxima
to the undulator but is produced by the dispersive occur at a constant angle 0 tracing out circles around A
section with some contribution from the storage ring in the observation plane. Of course, the circles are
bending magnets fringe field, incomplete because the angle of emission goes outside
The emission produced in the dispersive section is the electrons I/y forward cone, where the intensity

contained within the maximal tangent directions drops to zero. The same interference pattern occurs
labeled A and B in Fig. 12a. At large distances the around B direction, and one sees a double colored
radiation pattern is symmetric about the axis 0. interference structure centered on A and B directions
Schematically, due to the small 1/- emission cone, an as illustrated in Fig. 13, for 2=5500A and
observer in the electron orbit plane between 0 and A E = 240 MeV. Positions in fringe are in a rather good , "
will see the emission of the t, - t2 part of trajectory agreement with theoretical values calculated from (13), .
shown in Fig. 12b. In the 0 direction with respect to A, where d=8 to 10cm, the angle of A direction being
the emission is mainly due to small regions around 3.6mrad, 6mrad and 7.9mrad, respectively, for each
tangent points t, and t2 where the curvature is photographs.
important (between t, and t, the curvature is very Patterns like Fig. 13 have been recorded at 240,

small and the emission of this part of trajectory can be 540 MeV, and several different gaps. As the magnetic
neglected). Both points sources t and t, interfere field in the dispersive section is increased by reducing
constructively when the difference in electron and the gap, the A-Bangle increases, and more interference

.V . photon transit times is an integral number of optical bands become visible. At small gap, the usual

.-- . -.. ... . . . .. in
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Nd 71

WAVELENGTH SCAN
K 2.08

Xr5920 A

N 7 "." .'

-12 -10 -8 -6 -4 -2 0 2 4 2"7rN(I-

t . t I°
5000 A 5500A 6000A 6500A

Fig. 15. The spontaneous emission
spectrum as a function of wavelength
and undulator gap or magnetic field

GAP SCAN 51451 are compared. The rapidly oscillating
measured curves fit well into theKr =1.88 theoretically calculated envelope curves ...

with some small deviations in the case
N 7 -*-~of the wavelength scan. The slower

dependence of the dispersion parameter

Nd on gap is visible in the lower curve.

-6 -4 -2 0 2 4 6 27rN(I - L ) The gain as a function of gap is

t tl t approximately the derivative of the gap

36 37 38 39rm scan, not the wavelength scan

where Gok/Gi 7 is the OK gain improvement with the uncertainty in the /3functions in the undulator. The
respect to the original 17 period undulator for a measured peak gain is (Fig. 14):
monoenergetic filament beam. It is given by (4); see also "-7 10-4(±0.3).
Table 3.
As before, f is the modulation rate and G1 7 is the The agreement between the theoretically predicted (17)
17 period undulator peak gain which is equal to [17] and measured (18) values is remarkably good, and

certainly the best achieved to date, This was made
6 1t= 1.5× 10 2' 3  ' K[JJ]eFf (15) possible by improvements in the alignment technique,

and by thorough characterisation of the laser mode.
where -o is the undulator period in cm, [jj] 2 is the Not only does the values of he gain reported here
Bessel function factor [1 3]. K = eB;.o/27tmc is the peak confirm the validity of the theory, but it also represents
field magnetic parameter, e the peak electron density a large increase over the gain measured with the
in cm 3, and Ff is the filling factor which can be undulator NOEL.
calculated from the overlap integral between the
electron and laser beams. For coaxial weakly diverging
beams [14]. 4. Bunch Lengthening

F ( Bunch lengthening experiments have been performed
fw°' (16) by superposing an argon laser colinear with the

I electron beam inside the optical klystron. The
-7 experimental set up has already been described [10, 3],

good agreement was observed with stochastic heating
where Wo is the laser beam waist and a, and a,, the models [15] at very low current while high current
electron beam transverse rms sizes. regimes are dominated by anomalous bunch

* The theoretical peak gain predicted for the lengthening effects. Figure 16 shows the bunch
. measurement shown on Fig. 14 is lengthening and spontaneous emission produced by

(G,, ),h=4.0(( 1 76 =6.6 x 10- +30% (17) the optical klystron. The vertical line indicates an
- undulator parameter K of 1.92. The results are in good

wkith GOK/'Gil= 5.9 (Table 3), f=0.67 (measured on agreement with the theorem demonstrated by Madey

2*.-" the spontaneous emission) and (6, 7),, calculated from that the mean squared energy spread is proportional to

(15, 16). The 30% error bars originate primariiy from the spontaneous power spectrum [8].

,f .. qJ. *......
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ABSTRACT

We have simultaneously measured [i] the spectra of the gain
and the forward spontaneous radiation in the Orsav free electron
laser so that we can extract the relative shift of these two
curves. Our results are in agreement with the Madey theorem in
the low divergence limit, and demonstrate the violation of the
theorem produced as the Rayleigh range of the wave becomes
comparable to or smaller than the length of the interaction
region.
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DEACON and XIE: Observation of Madey Theorem Violation

- ." Introduction

The Madey theorem [2] has proved to be a valuable guide to

research with free electron lasers. We will consider the form of

the theorem with greatest experimental value: the gain spectrum

is related to the derivative of the forward spontaneous emission

spectrum.

24
G(y) = 2TTok FF d (dW() (")mc d !dndw J

The Madey theorem simplifies the calculation of the gain and the -

induced energy spread in an arbitrary magnetic structure (2,3,4],

and shows that the easily measured spontaneous spectrum is a

reliable diagnostic of the small signal gain [5], which is a

difficult quantity to measure. In view of the value of this

theorem, it is important to identify its limitations and where

possible confirm them experimentally.

The derivations of the theorem (2,3,6,7,8] all assume low . -..

gain, an unsaturated electron-photon interaction, and a plane

wave electromagnetic field. We have shown experimentally [9] that

the theorem is obeyed when the above conditions are satisfied. A

number of authors (see for example references [10], and [11])

have derived the theoretical result that the gain spectrum

distorts as the saturated or the high gain regime is approached,

S.-although these results have not been experimentally confirmed.

2
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4.-

Two papers, (12] and [13], have analyzed the effects on the small

signal gain of a divergent optical wave, and found two deviations

from the Madey theorem result: a shift of the gain curve combined

with a distortion of the spectrum for large enough optical

divergence. This paper summarizes the results of the first

measurement (13 of the shift in resonance parameter between the

gain spectrum observed on a diverging wave and the forward

spontaneous spectrum.

To first approximation, the effect of the divergence of the
IL

wave is that a phase shift appears on axis as the wave passes

through its focus. The part of this phase which is linear in z

produces a local change in the wavelength of the probe beam which

shifts the spectrum of the gain with respect to the Madey result. .. 4.

The nonlinear part of the phase shift distorts the shape of the

curve. For large divergence, the gain curve has no simple

relation to the spontaneous spectrum; the Madey theorem is

maximally violated. We have been able to measure the resonance

shift induced by a moderately divergent Gaussian TEMO0 mode under

conditions where the quadratic and higher order terms in the

phase shift are negligible.

We have found the spontaneous and the gain spectra for the

optical klystron including the effects of the divergence of the

wave and the finite size of the electron beam in (1]. Using the

notation of Elleaume (14],

*3

• .° .-., ° °% ..... • -. ,....• •.. "' -, •" " •"o4 " -".-..-.............".......-........".........."...................-......".."..."....".• . .*"°*". ".". -
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[-.

d 2W
S+ cos a

(2)
G cc -sin(a+2Trs)

where the shift in the resonance parameter 21rs is defined in _4

terms of the lengths of the first undulator L and the dispersive

section d, the Rayleigh range zo, and the standard filling factor

Ff (16]

L+d "" -
21Ts - tan- x

P1o
(3)

L+d
2zo - -

The gain and spontaneous spectra are measured as a function of

gap through filters of different wavelengths. If we define Sg as

the absolute shift of a gain peak from its corresponding

spontaneous peak, and Ag as the local peak to peak change in the .

gap, the relative fringe shift 8g/Ag is

29 = I + s + (I+Nd) (4)
Ag 4

The first term of this expression is the Madey theorem result.

The two terms included in the shift s are the on-axis Dhase shift

and the correction term due to the reduced phase shift of the

off-axis electrons. The last includes the effect of the different

measurement wavelengths for the two spectra.

4 .. '-° .
"

.::.:.-.:-. i :: .- .,- .-.--..- ,-....-.- -. -- : ~....-:...... . . ..---- ',.... .... . . ...- -. ,. ..-....- '..... . . . . .- ', . ......... u
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The Exoeriment

The principal difficulty in measuring the resonance shift

of the spontaneous and the gain spectra is the small size of the

effect compared to the 1/2N relative width of the spectra. The

shift of an optimized TEMoo mode is difficult to identify in the - -

presence of measurement noise. This difficulty is alleviated if

the experiment is done with an optical klystron since the fine

structure introduced onto the spectra increase the precision of

the measurement. Our experiment was done with the optical

klystron modification (17] of the undulator NOEL.

The measurement of the gain (18] requires the alignment of

an external laser coaxial with the electron beam. It is

preferable to measure the spontaneous spectrum simultaneously in "'""°

order to eliminate the various sources of drift in the

experiment. However, the laser beam which emerges perfectly

aligned with the spontaneous radiation must be filtered out (1'

to allow the variations in the weak spontaneous powar to be

observed. This is done by shifting the analyzing monochrometer

away from the laser wavelength. Although the difference in

wavelength will introduce another term in the resonance shift of

the spectra, the effect of this extra term can be subtracted

during the analysis of the data.
p.-.

The resonance shift was measured for two values of the

5
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probe laser beam divergence. The first experiment was performed

after focussing the laser into the center of the optical klystron

with a moderately large divergence characterized by the Rayleigh

range z0 - wo/X = 1 * .1 m. For the second experiment, the

laser mode was configured essentially as a plane wave with a

considerably smaller divergence and a Rayleigh range zo = 2.3 ±

.lm.

For each scan the resonance shift is determined from the

locations of the peaks and the valleys by multiple linear

regression to two parallel lines in gap vs. peak number. The

shift is normalized as in (4) to the mean peak separation. In the

high divergence experiment, four scans were taken, two at 5130 A

which showed a shift of .09 and .11, and two at 5160 A with a

shift of .65, and .66. The mean of these values, and therefore

the shift at the laser wavelength 5145 A, is .38 t .01. The

theoretical value for this divergence is .32 ± .02, which is

composed of the following parts: .32 = .25 (Madey Theorem) + .11

:t .01 (on axis divergence effect) - .04 ± .01 (finite beam size

correction of divergence effect), where the divergence effects

are calculated using the measured values of the electron beam

size a - 320 4 ± 20%. The agreement between the theoretical

prediction and the experimental value is reasonably close (see

" the discussion of the systematic error below).

The wavelength detuning induced resonance shift which

6
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MEASURED THEORETICAL a- .-d -18XNNd6 L+d -1_ _:L+d -.
(NNd X - -- tan -- f zo aresonance result (+) zo

parameter
shift _-_--__.'_

.10 .05 =.25 -.27 +.1l -.04

.38 .32 (5130A) 1.1 m 320 ."

-66 -59 =.25 +.27 +.11 -. 04

(5160A)

.09 .13 =.25 -. 15 +.05 -.02 2.3 m 350 .

(5137A)

Table I

" appears in the above data is as = 1.8xlO ZSX. This is identical

4A
to the value deduced theoretically from the measured value of Nd

= 90: S = (N+Nd)ax/x = 1.9X1O- aX ± 5%.

In the low divergence experiment, four successive

measurements were taken at one wavelength detuning. The mean

value of the measured shift is .09 ± .01. This is to be compared

to a theoretical value of .13 ± .02 = .25 - .15 * .01 (wavelength

detuning) + .05 ± .01 (divergence effect) -. 02 (beam size

correction) where the electron beam size is a t- 350 4 ± 20%.

The small deviations from the theory in the above results

are significant at two standard deviations, and arise from some

.- systematic effect. We think the problem arises from the imperfect

7,. %'. '
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characterization of the phase front curvature of the probe laser

beam. The Strehl ratio was found to be S = .9 by measuring the

laser beam waist at several positions. Since a light beam is

considered diffraction limited for S z .8, this beam is of very

high quality. The RMS wavefront deviation aw is given from the

Strehl ratio, for small c /X, by (191

2 r-4-1 (5)

which yields a/ / .05 in our case. The actual evolution of the
w

electromagnetic phase along the trajectory of an electron

therefore contains an additional component due to the evolution

-. of the wavefront distortion. If the laser beam is not too badly ,"-.-
aberrated, the phase front distortion is slowly varying in the

transverse dimensions, and all electrons see approximately the

same effect. We expect under these circumstances that the optical

wave will shift phase by an additional amount on the order of

equation (5) as the probe bear. goes through its focus, which

means that the shift s in (3) contains an unknown additional

component on the order of ±w/X. This sets a fundamental linit on

the precision of this type of experiment. The errors observed

between the theoretical and experimental values of Table I are on

the order of .05, in agreement with our hypothesis.

Although the high divergence maximal violation of the Madey

theorem has been beyond our reach for this experiment, we have

8
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been able to observe the linear resonance shift which occurs like

a warning signal just before the strong distortion of the gain

curve. We have shown experimentally that the Madey theorem is

violated for divergent optical modes.
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We have simultaneouslv measured the spectra of the aairn and
the forward soontaneous radiation in the Orsay free electron
laser so that we can extract the relative shift of these two
curves. Our results are in agreement with the Madey theorem in
the low divergence limit, and demonstrate the violation of the
theorem nroduced as the Ravleiah range of the wave becomes
comparable to or smaller than the length of the interaction
region. We extend the single particle theory to account for the
divergence of the wave to first order. The predictions from this
linearized model are in reasonable agreement with the
experimental results in view of the fundamental limitations on
this kind of exmeriment.
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Sn trodctfcn

--'e Yadey theoi-em .1has nroved to *-e a ":a_'uable cgufde to

research with free electron lasers. Although th-e theorem can be

-ci'-ided -nto two oarts and u,-sec fn different contexits, we will'

consi-der the form of the theorem with greatest exoeri4mental

value: the cain soectrum :js re 7ated to the derivative of the

* forward soontaneous emissior saectruim.

= ~ ~ -- 'd W1~
dy) Mc c"- dd .

where dWv,1y)/dnd ; is the energy iradi-ated Der unit frequency

in~terval ner unit solild anarie in the forward direc ti on' b one

electr-on in a nass touha li*neary polar~zea -.aane-z-c

structure. The Madey th-eorem si.molifies the calculation of t*--

*gain and the Induced energy s-preaa in an arbitrar7y maaneti-c

structure [12,1 and shows that the easily measured spontaneous

sojectr-uzm is a relijable diacnostic of the small! signal gain L J,

*which is a diffiou!t cuanti4tv to measure. ':n view of the -value of

this theorem, it Is inoortant to identify Its limitations and

where Dossbe confirm them, e.-::e rifmentallvy.

Th-e deri-vations of the theore, 71,2,5,6,7' all assume :ow

gain, an unsatlurated electron-ohoton interaction, and a plane

t~a-(-,e~ec romaanet-c field. have shown exn- er_ menta_y'7th

the th,:or~m is obeyed when the above conditions are saz-*sfied. A

2
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number off authors fsee ffor ezamnle refferences -D, and C'have

*derived the theoreti-cal result that the gain spectruam distorts as

'he saturated or the .- f:gn gain regize is a-iproac-ed, a~t'noug~h

these results have not been ezoerimentally confirmed. Two papers,

:1and -21, hI-ave analyZed the efffects on the small signal gain

off a divergent optical wave, and found two devi-ations from the]

Madey theorem zesult: a shift off the gain curve, and a distortion

of the spectrum= for large eno-uch optical divergence. Our paper

renorts the results off the first measurement off the shifft in

resonance parazmeter bet ween the g~a-i spectrum, observed on a

diverging wave and the fforward spontaneous snectrum. Since the

date of this work, the effects off divergence on the spectrum. off

* * the Orsay oscillator have also b-een obser-ved and renorted '13,L7.

IhIs latter work, however, suffers from the difficulty that the

innut mode content is no: measurable so that a numerical

comoar4son with the theory is not uossible.L

To firzst a=nroximation, the effect of the divergence off the

wave is that a mhase shi-ft anuears on axis as the wave passes

through its focus. The part off thi's phase which is linear izn z

produces a local change in the wavelength of the probe beam which

shifts the snjectrum off the gain with respect to the Madey result.

The non:. :near nart off the nhase shift distorts the shape of the

curve. For large div;ergence, the gain curve has no simple

relation tc tespnzaneous Snectrum; the Madey th.eorem is

-ama violated. ,;e h-ave been abl'e to measure the resonance

3 T
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shifft -4nduced by a moderate:-;- d'vercent Ga-uss!.an 7'- mode under

-corncut4ons where the auadrat--c and h'gher order terms in th'e.*-

. ase sh-it are ~gze

h'-.\
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The 1ineari--'ed Theory,

The sorzdna s ceo.-s em--ss-4on sojectrum of an :z.a

ki'Kstron with two identica 1 undula-tors has been derived by

d~d ~ ~ .'One Undator)x~l cosa!

- ~J'':~-k~Fsinb/2V~..(2)

w'nere

a 27(N+;N__-) - . 3)

and where and ~ are defined in :157, L and d are the :engt"hs

of one und-:.ator- and the dfsojers_ v.e section, -. fs 1:now-n as -.he

resonance param~eter, f: s the n-am b e o~ o t c a wav ele n gts

which pass over the electron in the dispersive section, N Isth

:numer of "er-crds a,"- length 2T-,;K,, In one undu.'ator, and 3.-

* is the field in the dispoersive section.

:n order- to ffna an ana:tilc e::oessfon fcr- th-e gai-n 0of a

*Gaussi-an mode, we consider the case with (Ltd) 'z < where zo

* ~~s the ?'e:nran-e. s :zo.- s a ..Dw d~verq nce outical

;e~ -a tz f iea .n thie 0 r-av exozment. T- e '7x,



:2A=. nY: uetn of 'Madev :-heo-em o lat fon -

Gauss'-an mode _.!G

E~~r~~z)7 1 __

(4)

red-aces to a simnler for- 4in the low divergence ii: mit

E(r,z)= - --- ()
W Z z0 2z§ -

since

We can obtain the gair. by calIculatina the total :-aciiated

6- energy !3er electron to second. order in the flelds.

> ey:p(- &K.~"I ± ~

-4+4csI'±2'sin' '7)

where

VI -7 __

Z 2z, - (

a + (r+d)r-.

We a s sune Fa col beam and 3~.......et-ntaeo~sa

h.sthe case n th-e Orsa': st orasce rinc and intecrate eauat~on
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:o be Gaussiani. The I'~ s

'7c ?:: cc

I 2A(sit< 2V 1si:~ e& 2

___ __s n___ _ e:- 1D 11_

e *r~:~ env.e-=e of the fntecrand -:- s ow'

-cc.nar-ed to -- z2a-c d osc'Illati-on of a. :f the-se 7te-ms ar-e

treated as ccntantts and e :tracted frot- the intecra>, the resul:-t

- can be fou-d aa': a

'2)

whe re -F s t he s t a - c- .a f :.- n f acto r 7 e ' c.

~~~eea -sfez zo a ~eSZ n -,-e nhase , and twe ha-ve

e:ed e > t1 the ?ffo L-t r:eef ao *:-

:;n-' I.e - c a-.. . . . . . . . .*e-2h*7*

- . . . .. . . . . . . . . . . . . . . t...~.. 2 .~ - ~ . P A ~ ~7
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: CC; a '.'ad_-_ V 0 On

Z2 '- = .

13)

Aevrn on- .t "t,'ng ca :l-stron cOndition N,'_ >> I,

and nere-cting the small effects of "J and % on the amnl-'tude,

equations (2) and (12) become

d- -COS
- -z

G ; -s in -- s;

The weak 7-ependence a proximation we made : n going from )10 to

(2) and to (4) is adec-ate for our purposes, and we ha-:e
h..ec . . ericaly that it gives a value for the 'hase s-Ift

which is different frcm the exact value by less than %. The

Madev t.eo:-em result Is illustrated here sf s C C. The- linear

effect (5) of divercence oroduces little more than a rel:atve

shi:ft of the two :urves. if -he nonlinear terms in ,4) are large,

the gain spectrum can become greatly distorted.

The values of the magnetic gap g (S  and g() which occur.-

at the n ma:-izmum of the spontaneous emission and the aain

soect:a respecti,,ely (c...t:c frcm zero photon energy), satisfy

Sthe el at ins

3 .

::h?
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a-I S 2 .,;.__._.

:5)

(g9- - 2,s 2-=

The gain and socntaneous soectra are measured as a uctin of

gap through .i'ters of different wavelengths. if we define 8g M

(G-g)_ as the absolute shift of a gain _peak f.om its 

corresponding spontaneous peak, ,' gn-gm+: as the bocal reak to

peak change in the cap, and sx =  (G) as the difference In

the measurement wavelengths of the spontaneous from the gain-

snectra, the relatlve frinae shift 8g'.Ag can be found by

-near z ng ecruazIons (15)

ac v-N,) 4 .
a&g j ,

The first term of thns e-pression is the Madey theorem result._

The two terms inc7uced :n the shift s are the on-a.--s ase Shift

croduced in a Gaussian mode, and the correction term wnhas ch

accounts for the reduced chase shift exnerlenced by the off-ax:s -

electrons. The :ast term accounts for the fact that the

spontaneous and the cain soectr-a are measured at different

wavelengths.

9,"-.

..: .-+-.-. ..,.-. .+ . . ..- _ .... -.- - ..-.. . . ...- - +-. +.•.-..+....-.,.-.- .-.. .'-2. -... -+-.... . . .-
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..- e -)r~nc:47a1 dif ic -c n measuri'na t*he resonance shift

of thie soontaneous and the gain snectra is the small si'ze of the4

effect com-oa ed to the I/TN re'ati4-7e widt of the snectra. The

shift of an ontimized TEMoo mode is di-ffi4cult to i4dentifyv in the

presence of measurement noise. This difficulty is alleviated if4

the ex~erfmen, -'s done with an o~tical kisrnsince the fi-ne

structure introduced onto "he snectra increase the orecision of

the measurement. Our exnoeriment wias done with th-e onti-cal

*klvstron mod: f c_=t on 'IS! of the undul.:ator NOE!.

The comnarfson of two subsecuent scans of the gai-n or the

soontaneouas emission szectra is como~licated by th.e numoer of

e eratnae ou s o -a rn et-1ers whi fch m ust" be h-eld constant, and i

*princ4ile measured. Small- resonance shifts of the szectrum, ca=n4

easil4y occur if the beam. energy changes between scans fthe magnet

* current control shuants are not temperature stabi:ized on C i

the electron orbn4t changes (du,7e to energy or magnetic focussing

or RF frequency drifts); or if there is play in the mechanical

*gap adjustment SyVSt em. :tinreferable to measur2e the twoV

* spectra simultaneousl'y.

Th.e eauentof the ain '19' reauires the alignment of

an e::terna: lacer cca:.-:ial with the electron beam. :f the

s-oontaneou.s em_-ss_ on measurement is to be -nerrormed

*~~~~~~~~~~~~ . .. .* ... * * .* --- .. . .A ~ * * . . . . . ~. A
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s~m~neosythe laser beam emerges perfectly a'. ned with the

snontaneous radiati'on and may interfere wit*-h th'-e measurement of

tssnectrum.. We use spectral - .fcr - toI a

njoss4be the simultaneous measurements.__

A semiftransparent mirror so~lts off some of the radifation

for analysi-s by the gain electronics, which znerforms its fnto

without modification. Th-,e remainder of the li ght fs directed to

*the snDontaneous em_4ss_-on dfunostics :157. If th'e -onoc-:romator-

:detuned from tne Argon :aser !.:ne by a sufficient marg-n, -t

* s ossible -cc t>e2 cut-- the lase- aigt ;.ih-L a- oIng th-e

variations In the relat:el-v wea-, soontarneous Dower to bDe

L ozser_-ed. --cu~~e df-'el*ece i.n wave e"nat-h wil_ Introduce

anoth-er term in -,"e resonance shift of the snectra, the effect of

tnfs e--t-r:a te--m ca-n --e --ub' trcted &uri4na th-'e ana_.vss of the dataL

if the wave:enaths are k-nown.

.he g~ain :-easurement is set up as uasual on the 3' 453 Aine

* -of the Argon laser. The monochromator for analyzing the

spontaneous racuation is detuned alternately to the shor"t and the

long wavelength side. Scans are taken as a function of the

* magnetic gap, overshooti-ng7 enough'- on each si-de to e mnt

*mechanical backlash-. Th-e data is recorded, the locati-ons of the

* pjea.1-s and the v~e; edtr:ndand the reiat--e shft1 of

tn:,e gai n snectrum :s ca_-c-uIted ov a !-:near. regresslon anavs-s.

Si *- te ~'lengt :s dcusn: cz by the same amountinot
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directions, teresonance nararneter shift at the l aser wavelength

can be determined sm-;as th-e ::ean of the two shfts a-, "he

*disolaced wavel7engths (see firu*,.re 2,.

The,- laser- mode matching was nerformed by measuring the

* laser mode size at several Dositions with the ai-d of a Reticon

diode array. Ah!ianment of the el;ectron bean. was obtai'ned to a

*orecision of abcut 8C -_m by ojz4m~z ng the measu-ed cain wit the

ai'd of four h-ori-zontal and vetclsteeri4ng coil:s. The

ex-_ e:-iment was .Derfo-=ed at relati'vely low currents so that, the

p rodu:ct of the modul'ation denth of the snontlaneous emissfon and

the signal- level of the gain woulId be a maximum. :he electron

beamn size was also measured with the Reticon. The onti4cal

.-:,:stzon -:arame-zer 7,7;qaS measured from a wavel'engtlh scan of the

sjonta-eous em-;*ss_-on az the central value of the magnetic can.

The :rince-to--fringe spacing .Xdetermines this quantIt-y through

The resonance shift was measured for two values of the

Drobe Laser beam di4vergence. The first exn-.er_'ment was performed

after focussing the laser Into the center of the optical '-lystron

*with a moderately :arge divergence characterifzed by tne Rayleigh,

range z: =.- .m. For the second experiment, the

* aser mode was configured essentially as a olane wave with a

consfdera-).- sma::e-r dr-;erc-ence and a ?Rayei gh anezc =2.3 :t
.7 L

.- - 2
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ZZAS' D ::0::A

resonance a s~U -a:: -I
parameter,~2Z < Z

i(Q .05 =.25 -. 27 -:

.38_ m.-~ 320 "m

1_66 (.9=.25 .27 +.11 -.04

(5: 6CA)

.C9 . :3 =.'25 -. :5 -. 5.23 350 m.r

.:or eac- scan t'-e :-esonance shifft i-s determfne(. ff--oz- -__e

locations off the nea."-zs and t*he %-a__eys by utiope hna

:egress'on to two.1 -j-a:7.e1 fie n a- -:s. 7:e4.' nu.;e:. :e ~

*shifft is norma~fzed to th1-e mean Deal- senaratlon. :'n the hi-ch

d dI ergence e::-ze:- :tent, four scans wjere taken, two atl 5 0 A wnc-

* showed a shif'ft off .09 and .11, and tIwo at 5:60 A with a shifft off

.65, and .66. The mean off these values, and thereffore the shifft

at the lase:7 wavelength 35:45 A, is .33 .01. The thneoi'etfcal

*value ffor this di-vergence is .32 t .02, whi'ch is com-osed off the

* fo_'owi4ng partIs: .S2 = .25 (Madey Theorem',~ .0: (on axis

divergence efffect) - .04 =.0: )ffinite beam size correction off

div-ergence efffect), where the divergence efffects are caculated

usig te rmeasu:i-ed vaLues off the eKectrzon *beaiz si~re 1T 320m
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* - 2060. -'e acree-en't between the theoretfca.. oredictl-on and the

exne~mena' -au I easonaolv close (see -,he d'scuss'on off the

systemat Ic error teicwz)

:h.e ~iv~ghdetun-ng in---cea resonance shn-f- w'n--ch

appears :n -.he above data Is .-;s = .8x!0--3X. Th~s Isetca

to the value deduced theoret,';ca-lly from the measured value offN
a

= 9: s 1 :--Ax' .9X10-5X 50'

:n. the low dl veraence e:.:oeriment, -wh-'ch was o)erffo:-meci

almost one year ffol2owing the f'rst measurements, It was no

.onger- -osslble to take s-multaneous measurements. 3ecause of thie

now large angul-ar fluctuat'-ons of the probe laser, the no-se

I evel contributed by 'the laser. I-n the s-oontaneous .-eas-:remt7nz

* completely dominated the spontaneous s~gnal. The best whzc- could

be done was to tcak"e a serfes off measurements cont- guoiis in zime

*and alternating between gain and soontaneous em-..ss-:cn. Seven such

measurements were tak'Ien atl low stored c-arrent so t -a te beam

"fe-me would be long. After normaliz-ng for the vary~ng scan

rates off the optical klystron -,agnet--c gap, we found that these

seven measurements are cons--stent I4nter"nall:y. This indicates that

*the uncontr:oll'ed ex'ternal dr-jfts were smial: dur-'ng the time scale rg

off the measurements, and we have been able to e::tract r-el--able

>n'ormaton even -n a set off non-s-'multno.e'ormns

Atho-g- these measurements were taken at only one wavelencth

detunl'ng, the be-avior off the orevl-ous results ver---f~es that w,,e

IA **
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know how to calculate the resonance parameter shift due to a

wavelenath detuni'n. -ouz successive measurements of the shift

give a mean of .09 .11. This is to be comnared to a theoretica-

value of .13 ± .02 = .25 - .:5 .01 (wave.ength detuning) .05

± .01 (divergence effect; -.02 (beam size correction) where the

electron beam sIze is c 350 _m =2 C I

Again, the agreement is reasonable. We note, however, that

there is a small deviation of the measurements towards te-

extremes which may be sicnificant. The high divercence

measurements show a slightly larger shift and the low di':ergance

resul ts show a s.aller shift than the theory predicts.

These deviazions from the teor y may be caused 'b v one

imperfect characterization of the phase front curvature of the

probe laser beam. -'-e Strehl ratio was found to be S .9 by

,measuring the -aser beam waist at several positions. Since a

:Lght beam is considered diff-raction limited for S .8, this

beam is of very high quality. The RMS wavefront deviation z is
w 7- -

given from the Strehl ratio, for small c X, by 120-

2- -

wnich yields c- A .05 in on: case. The actual evolution of the

electromagnetic phase along the tra-ecto:-y of an electron is then

given by (5) with an additional component due to the evolution of

-5

"5 --.. ,
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the wavefiront distortion. :f the laser e'eam is not too badly

distorted, the distortion is slowly varying :i. the transverse

dimensions, and all elec-rons see aOproxi.,atey the same effect.

We ex:nect under these circumstances that the linear Dart of the

distorted component will shift chase by an amount on the order of

equation (17) as the crobe beam aoes through its focus, which

means that the shift s in (13) will have an unknown component on

the order of -z'k. This sets a fundamental limit on the
w

precision of this tvje of e)-jeriment. :ndeed, the errors

observeo between the theoretical and experimental values of Table

are on tne order of .05.

-C

:n summary, we have found _n this ex;.Deriment that:

a) within the anticinated error bars, the divergence of the

ortical wave oroduces a resonance parameter shift of sian and

magnitude oredicted by the l:nearized small signal theory; and.

b) a sufficiently low divergence beam shows no shift, in

agreement with the Xadey theorem. f

Although the high divergence maxima: violation of the Madev

theorem has been beyond our reach for this experiment, we nave

been able to observe the linear resonance shiftwhich occurs ke

a warning signal gust before the strong distortion of the t.a n

curve. We have shown exper'mentaly- that the Madey theorem is

violated for divergent opt-ca: -,odes. Any app- cation of the

theorem must test for low divergence L,'z < .-is a as low

"'" IG "

[?-(~~.. .:,..-..... _._ . ...... _.. . ....... ..... ...... .. ...... ,.;.:-, . " '.'l . " ?
* -'- -- . . L- Lt... ~ k.. . * Ar
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Figre Cantfcns

"Ffguze Schematic cdiagra'm of the experiment. T he gain spectrum

'S,'97 is measuared szmultaneously with the forward

siontaneous emiss-on s--ectru_= :~ :n the spontanieous

measurements, the laser power is filtered out by

settin~g the bandpass of the monoch-ometer at a

waeech io.cd lgtyfrom the Ar line (see

7iaure 2 ':-e ca~n siect--um s-.own _;n the central tr2ace is

clearly dispjlaceAd from the two spontaneous curves. The

peak -osiftions of a s-)ontaneous spectr7um taken at: 5145

A woulId fall- midway between those of the tIop and

oto spontaneous curveo. The sh.Ift of the gain p ea 11.s

in a low divergence experiment 4s almost etactl1y .25

of the fri--nge s-Pacing as predicted by the Xadey

theorem, once the wavelength shi4ft i's factored out.

T.hi-s fiueshows an e:xample of the increase of the

shi ft (to .36) as a result of the violation of the

Madev theorem~ iznduced by the divergence of thne input

:aser (: .lm i-n thscase).
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Abstract. We derive the most general equations of motion for the electrons and the
electromagnetic field in a free-electron laser including the effects of diffraction and pulse
propagation. The field evolution is expressed in terms of the amplitudes and phases of a
complete set of transverse modes. The analytic solution is given in the small-signal regime,
where the theory is shown to be in excellent agreement with a recent experiment at Orsay.

PACS: 42.60, 42.20, 42.55

0 Stimulated by the original free-electron-laser experi- the minimum number of physically observable quan-
m ~ .ments [1] in 1977, a number of authors have contri- tities: the transverse optical modes of the system. The

buted to the development of a purely classical theory field evolution is expressed in terms of a complete set of
for the electron dynamics and the electromagnetic orthogonal transverse modes; equations are developed
wave growth in these devices. The initial work as- for the propagation of the amplitude and phase of each
sumed the light could be represented by a single- mode. In physical systems which operate on a few of
frequency plane wave [2, 3]. The first generalization the lowest-order modes, this approach greatly in-

* was required to explain the extremely short pulse creases the accuracy, and may reduce the required
. phenomena observed at Stanford [4, 5]. The inclusion computer time for the calculation by working in a

of the longitudinal modes in the theory [6-8] per- vector space well matched to the solution of the
mitted the explanation of the cavity detuning curve, problem. For the oscillator case, the appropriate
and predicted a range of phenomena in the pulse choice of modes is the set of eigenmodes of the cavity.
structure which have yet to be observed. More re For the amplifier, the vector space of modes is de- -

cently, the theory has been broadened to include the termined by the characteristics of the input mode,
transverse-mode structure of the optical beam [9-15]. which is presumably a TEM 0 Gaussian mode. In
Until our work at Orsay [16], no experimental infor- either device, an optimum design would result in the

- -mation has been available to test the validity of these excitation of as few of the higher-order modes as
so-called 3 D theories. possible. The modal decomposition method is there-
In this paper, we present a new approach to calculating fore well adapted to the prediction and optimization of
the three-dimensional effects operative in free-electron the operation of the free-electron laser (FEL).
lasers. The previously mentioned approaches consider In the first section, we derive, in their most general
the growth of the field e5(r, t) along the propagation or form, the equations governing the dynamics of the
, axis by evaluating its change at each point (x,y), and complex mode amplitudes. The subsequent sections
integrating numerically through the interaction region reduce these equations to the familiar ease of the small

" in the time domain [9-14] or in the frequency domain signal, low-gain result (Sect. 2). Here, the problem
[15]. These techniques all demand long computer runs becomes linear, the mode evolution can be described

S. if they are to be applied to a real experimental by a matrix transformation, and we retrieve the well
situation. Our approach decomposes the problem into known gain equation complete with filling factor. The

!............................................



10 P. l11eaume and I). A. G. Deacon

theory is then applied to the case of the Orsay experi- t. A helically polarized plane ware of wavelength -
ment, where the results are in excellent agreement with . 2n;k, frequency w. and electric field (z, t) = E(z, t)
an experiment [16] performed recently which exhibits exp{i[kz-(ot+O(z,t)]} interacts with the electrons. In
the off-diagonal terms of the gain matrix. (3), < >,oo is the average over the initial phase ;, and

resonance parameter v, of the electron population at
the position -.. .,

1. Theoretical Development Equations (1, 2) are derived directly from the Lorentz
of the Fundamental Equations force equation and describe the effect of the radiation
The FEL system is properly described by the coupled field on the electrons. The work done by the longitu-
Maxwell and Lorentz force equations. From these. we dinal field on the electrons is neglected here, which is a
shall derive a self-consistent set of equations describing good approximation provided that the modes are not
the electron and the transverse optical mode dynamics, too divergent [14] ./o,<27rKN -,,. Equation (3) is
We use the dimensionless notation originally deve- derived from the Maxwell equations and describes the
loped by Colson (in fact this work is a generalization of effect of the electron on the radiation field. The set (1),
Colson's work to include transverse modes and we (2). and (3) is self-consistent. Indeed, those equations
shall stay as close as possible to his original notation, are very close to being the most general classical
Let us recall his main equations describing the field equations describing the FEL dynamics. They apply to
and electron dynamics in the slowly varying phase and high and low gain devices (r'0> I or r < 1). high field
amplitude approximation [18]: and low field cases (a'> I or a'<< 1), and include the

effects of multiple longitudinal modes (laser lethargy
-.=a' cos+), (1) effects) through the i dependence of r', E, and 0. Slightdr modifications allow their extension to the cases of:

- the planar undulator [19].
=. (2) - the tapered undulator [18],

dr - the optical klystron [14], and
da' - space charge effects [19].
-- = -r'e -; vo(3) However, the plane-wave approximation cannot ac- - .

curately describe the transverse effects produced by the
where finite transverse extent of the optical mode and the

electron beam. A filling factor calculated with an
(4) ad-hoc overlap integral can be added to the results of

is the dimensionless electron phase. this calculation, and gives satisfactory results in the

..v(t) = L[(k + k)fl(t)- k] small signal regimt )nly so long as one is not interestedin the exact transverse field profile.
the dimensionless resonance parameter, To relieve this last restriction on the theory, we assume

the field to be described in free space by the paraxial
-T (6) wave equation [20]:

L
the dimensionless interaction time, + 2 - k E(r. r)e" . (9)

a 0t= 4neNLKE(z' t)e41""( (7) This equation is derived from the wave equation
(V' -c- '( I'20) -- =0 in the slowly varying amplitude

the dimensionless complex field amplitude, and and phase approximation. and has been widely used in
8n 2 ( laser field calculations [17, 20]. The general solution of

r'z~t)= 73mc2  (8) (9) can be expressed as a linear combination of a
Y mc complete set of orthogonal modes. If we define these

the dimensionless gain parameter. modes by the complex amplitude Eexp(i',,). where
HacE. is real and in is the generalized index of the mode (in.. ~~Here we consider an N-period helical undulator of thtw-mesoatrsvsepceecnidr

the two-dimensional transverse space we consider, ?nlength L, magnetic period .o= 2i ko. peak magnetic represents two integer numbers), the most general
field B, and deflection parameter K =93.4 B expression for the field is
[Gauss] ;0 [cm]. An electron beam of energy meic,
and number density Q travels along the axis of the E(r, t)e '"- = cm(t)Em(r)ei 'Vr. (10)
undulator; an individual electron has longitudinal m
coordinate :(t) and longitudinal velocity cf3:(t) at time where cm is complex and time-independent in free

il. ........................ . ............ ...... .. ....... ..
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space. The orthogonalit. relation reads As before. (17) and (18) describe the effect of the

"dIt E,"c"" - iradiation field on the electrons, and (19) describes the
......,e (Il, growth or decay of the radiation field due to its

interaction with the electrons. The change in (17) is
\, here we have chosen a cc,\ienett normalization quite straightforward. Equation (191 show,; clearly the
which makes the E. dinic,sionlcss. The modes can be fact that the growth in the n'

h mode amplitude and
chosen in a variety of ,,\mmetric\. but it is useful to phase is given by the operlap integral of the inphase
exhibit their specific form in clindrical symmetry: and out-of-phase components of the charge density

1r , Jcosh)0 with the complex conjugate of that mode, as one would
r - l/~ l:)~ ]sin expect. We note that the only assumptions made on

P- + , I the modes Eexp(i4,,) used in (17-19) are orthogo-

i- - e 0i":'I (1) nality and completeness. This means these equations
i:)-1 are also valid for the cases of waveguide modes and

kr 2  dielectricallv loaded cavities. In this case, w. is no
4,P2r= -- -( 2p+I+ l)tan - (13) longer the mode waist in the usual Gaussian sense, but

2Rzo Zo is defined by (11). As before, these equations are self-

where r is the radial and 0 is the azimuthal coordinate, consistent. An example of this fact is the energy
w, is the beam waist. L~(2r-" w2 ) is the associated conservation equation
Laguerre polynomial. and_ .dxdvr/&'\ (23)

w( + (14) ar -23 -- "-

,2- which is derived from (17) and 19). The left-hand side

R{..- =z! I + ,0.(15) of (23), the total energy gained by all the modes, is
equal to the energy loss integrated over all of the

0 (16) electrons in the beam.
0 . Equations (17-19) retain all of the generality of (1-3).

These modes are very useful for the case of a cylindri- They are valid for high and low fields, and high and
0 cal electron beam aligned to the axis of the light beam. low gain systems. They take into account the evolution

For an ellipsoidal electron beam profile, or off-axis of the transverse modes explicitly, and the evolution of
electron injection, the rectangular eigenmodes are the longitudinal modes implicitly, by keeping track of
more appropriate. Although we will use the cylindrical the 1 dependence of the charge density r(r, t) and of the
modes in the examples. we proceed with the general mode amplitudes a(z, t). For simplicity in the following
theoretical development which makes no assumptions development, we drop the explicit dependence which
on the specific form of the modes. has been thoroughly discussed by Colson [18], and
In FEL. the coefficients in 110) become time dependent, concentrate on the transverse phenomena.
We wish to calculate the evolution of the amplitude As discussed in [19], the generalization to the case of
and phase of these mode coefficients. Proceeding the planar undulator is no more than a change in the
through the derivation of(1-3). making only the slowly definition of the two parameters
varying amplitude and phase approximation, but now

'in 27reNLK[JJ]using (10) and (IM. we find m 2 c,(t), (24)1v 7 Mc ."

-Y- Ja,IE,, cos(;+,m+ m),(17) i  47T2e 2NL 2K 2[JJ]2
C! m r e (r, t) (25)

- = ,, (18) ?:"

-. where
7N, 2ddv rEme-m<> (19) [J- K2 JI( K2)2 (26)

where we have made the new definitions

4reNLK Equations (17-19) can be integrated numerically to
0:t) - cm(z. t), (20) find the evolution of the optical wave in any Compton

8 7r 2e2NL2K regime FEL. In a high-field experiment. (18) and (19)

r.r. 0 - r ((rt), (21) are nonlinear in a, and the wave evolution can only be
.'  obtained numerically. In this case, (17-19) provide a

c, I(, 01 em"'1 1. (22) precise and efficient technique for solving the general

' . . .
. . . . .. . . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . .
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problem. In a low-field situation such as we find at Let us note that this gain matrix is generally complex

Orsay. however, the problem becomes linear, and can and defines the grmth of the amplitude of the field.
be solved analyticallv. We proceed kkith the low field Sometimes people speak of the gain in a mode "m' as '
case in the next section. the energy gained by this mode in a pass through the

undulator. This gain i, simpl% 2 Re :,,,,,, - q,,,,[. Of
course, one must keep in mind that energy is radiated %

2. The Low-Field Solution into other modes. and that cross terms will mix a
The low-field case is defined by [a,.i 1I for every mode. multiple mode input. If the input beam is truly mo-

TheloAfied cse s dfind v Jj pI < I or ~er moe. nomode. the power radiated into the nib mode is'lower
In other words, the electrons do not become oyer- n thd into the n mode raio -than that into the nih mode by the ratio ...
bunched. Experiments which operate in this domain , ,
include the lo% -ficld amplifier experiments, and sto- Ig,, " Re L v hich is small for low gain (rl)

rage ring FEL oscillators which saturate by mecha- systems. It is only in this case that it makes sense to
speak of the gain of a mode. In high-gain systems.

nisms other than overbunching. The ignition of any however, the off-diagonal terms can lead to substantial
FEL oscillator also occurs in this domain, emission of energy into the higher-order transverse

modes. If the input beam is multimode. of course. 4
2.1. The Gain Matrix mode mixing occurs at all power levels.
Equations W1719) call he soled h, integrating 17) Let us calculate q,, in the simple case of experimental
Euan 1 7-9 canest brd e eds ,, adinterting interest where the electron beam is cylindrical. and a
and (18) to lowest order in the fields a, and inserting good choice of modes is the cylindrical cavity eigen-

thereslt or into (191. If the electrons are uniformlythe result for i modes (12) and (131. We restrict ourselves to the
distributed initially in phase, we find weakly diverging case rwV2 > .L where the gain takes

ca(r) on its most familiar form. The mode amplitudes and

, _ f LIT' ., T"), (27 phases in (28) become independent of r, and we can
integrate the first term in 130) to find the gain. The

where average over the resonance parameter in (28) becomes.

E under the assumption of a Gaussian distribution of
,,r. r) =2 - ., E . , E,,(x, v. r centroid v and deviation a,

il l'"" " ''"le ""<") . 18 e ' " >" ,,,=e e '  ('  311

Equation (27) describes a linear evolution of the mode
amplitudes, and upon integration, gives the relation Under the weak-divergence approximation, and as-

suming negligible pulse slippage effects (long electron
a,,,r )=(I + G),,,,a,(r= 0), (29) bunch length at,>N).), the only time-dependence in

(28) is that of(31). For small spread a,< I the integral
where I is the identity matrix, and G. which is generally gives the well known gain spectrum
not Hermitian, has elements -d.dx dY

I g,. - r(x. Y) E, Y(x ) E,(x. Y) e- '  e"""' '

g. JI dI LITr dr'A ,(. T")nw
0 0 0 V, I, VC

i 1. - cos-,- sin v, - - Cost +sin,
+d Jdr, I JT .,I,,(r,f r, 3  ,, 2 2 '

0 0 0 V, € " " '

.. . .t , (32)•f LI, f ITr, f drM, r, + 30 -,
-.0 o 0 In the usual experimental case (unfortunately). 1!q,,,.I < I

The higher-order terms in q,,, are proportional to r2  and the energy gain G. on the mode Pn becomes

and higher powers of r, and are negligible in the lowI-cosy,-
gain case. ddv -2-
Evidently this matrix is of great interest since multiple 71=2 ReW,,,} = J 32rE".

passes of the electron beam will result in multiple
products of this matrix, greatly simplifying the calcu- (331 k7
lation of the modes' growth. We shall discuss the This is exactly the gain one calculates by using the .4
consequences for an oscillation experiment in filling factor ohtained oy integrating the mode profile
Sect. 2.2. overlap with the gain profile. Specializing to the

. ..... . . . . . . . ,,
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TEM.. case with a Gaussian electron beam of width r, Gaussian TEM,1 modes, and the phase shift per round I
- we find trip Y, becomes, for n=2 reflections per amplifica-

tion and identical radius of curvature mirrors.
.. cos v- sin 7,,4 = 4(2p +1+ 1) lan '(L, 2,f). where L, is the optical

2.2 1(34) cavit, length.
VC- w, The matrix (361 is the fundamental matrix of the

4,72  problem. Its diagonalization allows the calculation of
" complete wihteaiithe mode evolution up to the onset of saturation:complete with the familiar filling factor.

The v, dependence of G,, is the well known spectral (+G)C=P.P , (38)

dependence. The imaginary part of q,,, is not new. It -

describes the phase shift of the radiation field as [(I+G)C=PI"P 1 (39)
described by Colson [18]. The inhomogencous where the columns of P are composed of the eigenvec-
broadening term in (31) clearly distorts and reduces the tors of (I-+ G)C, and I is diagonal. The fastest mode
magnitude of the gain spectrum if it is present in the growth will be obtained with the eigenmode having the
integral of (30). highest eigenvalue modulus. Optimization of the FEL
The effect of the divergence of the beam on the oscillator will then consist of maximizing the desired
diagonal terms in G is. to first order, and for a eigenvalue ofU+ G)C.
filamentary electron beam. the addition of a time- If the gain is low (as it is. unfortunately, for our system
varying phase which shifts the resonance curve in (32) on ACO. one can diagonalize the evolution matrix
by a constant depending on the mode (36)

AL

Y- (2p+1+ 1). (35) (I+G)C:=)": (40)using the cavity eigenmodes x as the basis for a

Equation (35) means that the gain curves of the modes perturbation expansion of the new modes :'. To first
are shifted with respect to each other. This effect has order in the non-degenerate case. the result is
been calculated for the fundamental TENoo mode in
the energy loss approximation [14]. and has recently -jQe'( I +g". (41)

been observed experimentally at Orsay [21]. It should
be noted that for many practical situations where the .-=X.+ (I X..," (42)
cavity is optimized for gain on the TEM,0 0 mode. this ,ie -

expression is valid for only the lowest-order mode. The Under these conditions, the FEL design is optimized
* higher modes become distorted in form as well as by maximizing the diagonal term qjj corresponding to

simply shifted in resonance parameter by (35). the desired mode. From (33) and (12) it is clear that the
beam size wo must be reduced down to the order of the

2.2. The Low-Field Oscillator electron-beam size in order to optimize the coupling,
but if the mode becomes too divergent, the time

We now discuss some consequence of the linearity of dependent terms in E,, and E, of (28) begin to reduce
the low-field problem on the optimization ofan optical the gain. The optimal situation lies between these two
cavity for an FEL oscillator experiment. In such an extremes, and has been calculated in detail (using the
experiment the light pulses reflect n times on the cavity energy loss approximation) by Colson and Elleaume
mirrors (n>-2) between interactions with electrons in [14].
the undulator. The matrix governing the mode evolu- The optimization procedure must also be limited by
tion from one amplification to the next is the stability condition [17] on the cavity. For the

(I + G)C. (36) Orsay experiment, the radius of curvature chosen to
optimize the small-signal gain was R= 3 m. which is '-

where G in the gain matrix defined previously, and C is acceptably close to the stability limit of 2.75 m. There r

the cavity matrix describing the n reflections on the are cavity designs in which C is degenerate for which
mirrors. In a set of cavity cigenmodes. C is diagonal the optimization procedure is not necessary. For these

.. (37) designs, o is a constant independent of the index. InCx' = pix • (37)
these cavities, any combination of modes rproduces

with c,=lj =opexp(i2,), where I-Q2 are the total itself after n reflections. If n =2 as in the Stanford and
losses on the n reflections, including transmission, the Orsay experiments, the concentric and the plane- --ir-
absorption. scattering, and diffraction. If diffrac- parallel cavities are degenerate. and the confocal cavity
lion is negligible, the eigeniectors x' become the is degenerate on the p modes iquasi-degenerate). These

- . . . . . . . .

"--'~~~~~~~~~~~~~~ ~~~~.''-. '.'.:. ._.. . . . . ..-.-. .-. ..;. ..".-,.,. . . . . . . . . . . .... ._ .""-"-.'.-."." ..-..-".'.".-'''. '.,'-."..""'..".'."":'.".
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GAI N
ARGON LASER . GAIN(iris open)

MODEo

MODE M'4ATCH!NGI"""---'

M CHOPP'ERl TELESCOPE

TO 1-. 4
(ERNGI 100' -  I

U N D L L A T O R ' C O L L IM A .TIN G ' ' " '

IRIS ONOCHROMETER 3

-- mode tRESONANT )0.5""

RF DEMODULATOR DETECTOR"

Iris diometer
W(z)

TOTAL PER1 2 3 4 17
Fig. 2. The measured gain as a function of the iris diameter [16]

BAND PISS LOCK-IN normalized to the measured beam waist at the iris. The solid points
FILTER LAMPLIFIER were taken closing the iris and the open points while opening it. The

error bars are the one sigma statistical errors. All points have the
same horizontal error bar swhich is shown for the point at 2.7. The

Fig. 1. Simplified schematic diagram of the gain-measurement ap- solid curve is calculated using the measured %aloes for the electron
paratus [23] showing the argon-laser focussing system, the collimat- and laser beam sizes. The effect of each higher-order mode is shown
ing iris, and the double demodulation detection system by the dashed curves

cavity designs, however, are useless since they stand will still be tight. and the experimental utility of these
critically on the stability boundary. The tolerance on cavities remains to be investigated.
the mirror radius of curvature is on the order of Igo01
(obtained from the perturbation expansion) which is 3. Application to Gain-vs-Aperture Experiment
difficult to meet if the gain is low. For two-mirror
devices where n>2, such as the Novosibirsk experi- 3.1. Description of the Experiment
ment where n = 8, in general for mirrors of equal radius The gain of the Orsay FEL has recently been measured
of curvature there exist n!2 + I cavity designs with a with the optical klystron in place [22] in an amplifier ....

degenerate Cmatrix: experiment using an external argon ion laser to pro-

L, vide the coherent mode. A detailed description of the
2tan,. (43) apparatus can be found in [23], and a schematic
2 tan- description is given in Fig. 1. The laser beam is anal-

yzed at a distance d from the optical klystron after ." .--

and n,'2 with a quasi-degenerate C matrix in which the passing through an adjustable collimating iris (Fig. 1),
odd I modes change sign on every amplification. Only which is centered on the laser mode emerging from the
two of the degenerate and one of the quasi-degenerate interaction region. The gain is measured as the ratio of
cavities correspond to the unstable cavities: the others the power detected in phase with both the electron
are potentially useable in an experiment. The value of a repetition frequency and the chopper frequency (thedegenerate C matrix is that the eigenvectors of the amplified power) divided by the power in phase with

amplifier plus cavity matrix (36) are equal to those of the chopper alone (the incident laser power).
the gain matrix alone, multiplied by a constant. This Calibration is performed as in [23].
degeneracy allows the cavity to oscillate on the most The again is recorded as a function of the iris aperture.
favorable combination of modes which best fits the and large variations are observed [16]. One set of data
electron beam shape. In this manner, the gain can be points is reproduced in' Fig. 2. where the gain is
increased by factors of two or three over the gain ofan normalized to its value for the iris completely open.
optimized T-M,,,, mode. particularly if the electron and the iris diameter is normalized to the measured

beam size is smaller than the TEM.. mode. The beam waist at the iris. The data is taken at maximum .
tolerance on the mirror radius for the degeneracy of C gain. which means v,- O for the optical klystron. and "

. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . .
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GAIN GAIN
GAIN (iris open )GAIN( iris open

3
15 155 18 d/L076 A-F 25."" "

A 25

05 05

Iris diameter Iris diameter
W z) W(z)

1 2 3 4 5 1 2 3 4 5

Fig. 3. Calculated curves for the gain as a function of iris diameter Fig. 4. Calculated gain as a function of iris diameter for several iris
under the conditions of the Orsay experiment [loi]. The electron positions d. under the conditions of the Orsay experiment [16]. The
beam dimension 2 a tr ,;.L is varied to show the effects of the ratio of the iris to optical klystron distance d divided by the optical

beam size on the excitation of the higher order modes. The value klystron length L is varied through the range 0.5 to Y.. The
2: -i 'I corrc,,pnds to a =0.5 mm which is ,er. close to the ,alue experimental points of Fig. 2 were taken for d L =9

at which the experimental points were recorded

0 the laser beam was carefully aligned to within about and (13). From (29). the output field E(r) becomes
0.05 mm of the axis of the electron beam. The change in
the measured gain as the iris is closed means that the Es = E'+ . ,,oEj(r)e 'i' J " . (45)
laser is not uniformly amplified in its transverse profile. j=o
In fact, this experiment provides a very sensitive Assuming low gain, the output power passing through
technique for measuring the power emitted into the the iris aperture is ,
higher-order modes even in the small gain limit and for
a monomode input beam. Clearly a calculation of the 8P f dS1El1'2 - clfdSE2+2c o Re
g., is necessary in order to explain these results. In the C 0 0 0

next section, we apply the theory we have developed to
the case at hand, and in Sect. 3.3, precise comparison is " gjodSEoEjei -(%i ' j , (46)

made between the experimental and the theoretical
results, where fdS covers the iris aperture. The gain is

therefore

3.2. Multimode Emission in a Single-Mode 2 Re { jo fdSEoEje -uio

Ainplifier Experiment G= J dSE2  (47)

In this subsection, we assume the incident wave is a
single mode TEMnn beam with a weak field (laol < 1), For purely cylindrical 1=0 modes, G can be written

and perfectly aligned onto thle electron beam. As X
discussed previously, we take the cylindrical eigen- ijn ' L We'dx
modes based on the form of the input beam. Using G=2Re qo,+ gp,,e A , (48)
the notation of Sect. 1, the input laser field reads P= I -"dx

E"[r)=coEi(r)e"ni. (44) where zo is the Rayleigh range of the laser mode. : is

the distance between the iris and the laser beam waist.
where the subscript 0 refers to the TEMmo mode of(12) and X =ro/2 2 (:) where ro is the iris diameter. There

. ...-. ,-...,-..........

......- J.. ..... ....



16 P. Elleaume and D. A. G. Deacon

are two interesting limiting cases: Figure 4 shows the calculated effect for various iris
distances d from the optical klystron center, normal-
ized to the optical klystron length: d'L =0.5, 1, 1.8, 2.5..=R edfrql .Th neso fth feti u

p ".and i.. The experimental points of Fig. 2 were obtain-G = 2Re (90) + .i j/'oc  ed for d L =9. The inversion of the effect is due " .

X-0,iris closed). (50) primarily to the term exp[i2p tan t(z,;|)] with p= I in
X---,O(iris closed). (50) (50) which switches from + Ito - 1 as zgoes from zero "

It is obvious from (48-50) that the gain changes with to infinity (the mode p= I gives the predominant

iris diameter in a way which depends on the magni- effect). At short distances the TE pno mode interferes

tudes of the off-diagonal terms in the gain matrix. constructively on axis I, and at long distances, it
The generalization is straightforward to the case of the changes sign.
multimode input beam, and to imperfect alignment of T
the laser and electron beams, although the calculation .cknoiledclnents. rhe authors ,sould like to acknowledge stmu-

lating discussions with W. B Colson and J. M. J. Madey. The work
becomes more difficult. This calculation also applies to was supported by the DRET, the Centre d'Etudes Nucleaires de

high-pover input laser beams (a0 > 1) provided one Saclay DPC SPP SP. the Centre Nationale de la Recherche 4
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First Operation of a Storage-Ring Free-Electron Laser

M. Billardon, P. Elleaume, (b) j. M. Ortega, 'a) C. Bazin, M. Bergher, M. Velghe, , and Y. Petroff
Laboratoire pour I'Utilisation du Ravonnement Elect romagnetique,

Universit de Paris-Sud. F-91 105 Orsay, France

and

D. A. G. Deacon, (d) K. E. Robinson, and J. M. J. Madey
High Energy Physics Laboratory. Stanford University. Stanford, California 94305

(Received I August 1983)

A storage-ring free-electron laser oscillator has been operated above threshold at a
visible wavelength -- 6500 A.

PACS numbers: 42.60.-v

A free-electron laser (FEL) generates stimu- "older" machine, first operated in 1965. Its
lated radiation by interaction of relativistic free characteristics for this experiment are given in
electrons with a spatially oscillating magnetic Table I. A permanent magnetic undulator of 17
field (undulator). The wavelength, A, of the stim- periods optimized for electrons of 240-MeV ener-
ulated radiation emitted along the axis is given gy has been built.2 However, the limited straight- - "
approximately by (in SI units) section length (1.3 m) available on ACO left us

K 2),with a low gain of a few parts in 10" per pass in
2 1 + K 22/mc (1) earlier work.3 Laqer oscillation was therefore

impossible. Now, a gain enhancement by a fac-
where e and m are the electron charge and mass, tor 2 to 7 has been achieved by modifying the un-
c is the speed of light in vacuum, B0 and A0 are dulator into an optical klystron4 (OK). This was

j the undulator peak magnetic field and period, and done by replacing the three central periods by a
y is the total electron energy divided by inc 2 . The three-pole wiggler (dispersive section). This
first operation' of a FEL has been demonstrated section strongly enhances the bunching originat-
by the Stanford group at A =3.4 ;m using 43-MeV ing from electron and radiation interaction in the
electrons produced by a linear accelerator. In first undulator section and therefore gives a larg-
any practical design, A0 3 cm; therefore it is er energy exchange between electrons and radia-
obvious from Eq. (1) that operation of a visible or tion field in the second undulator section. 4

ultraviolet FEL needs a high-energy accelerator Mirror reflectivity degradation has been ob-
of y,,c 2 e 100 MeV. In this energy range, storage served3 at 240-MeV electron energy. This de- -
rings are superior to linear accelerators in terms gradation is mainly due to the uv part of the spon-
of electron density, energy spread, and emit- taneous emission from the klystron. This prob-
tance, thus resulting in a higher optical gain. lem was overcome by operating the OK at mini-
In this Letter, we report the first operation of a mum K (by increasing the magnetic gap) to mini-
storage-ring free-electron laser oscillator above mize the harmonic content of the spontaneous
threshold at A - 6500 A. emission, and the storage ring at the minimum

We have used the Orsay storage ring ACO, an electron energy to also diminish the flux. It is

TABLE I. ACO characteristics in the FEL experiment.

Energy 160 - 166 MeV"
Circumference 22 m
Bunch to bunch distance 11 m-
Electron beam current for oscillation 16 to 100 mA
rms bunch length 7, 0.5 to 1 ns
rms bunch transverse dimensions o,, a 0.3 to 0.5 mm
rms angular spread a,', av' 0.1 to 0.2 mrad
rms relative energy spread (0.9 to 1.3) 10"
Electron beam lifetime A0 to 90 min

1652 rih 1983 The American Physical Society

". .. .-k ,' i



%'()it 't- "i, Ni .IQR 18 PIMISICA I REVI E\V L ETTERS 3 1 ()o iIH 1981

TABLE II. Optical cavity characteristics.

Length 5.5 m
Mirror radius of curvature 3 m

Rayleigh range 1 m

Wavelength of maximum Q 620 to 680 nm
Average mirror reflectivity at 6328 . 99.965f,"
Round trip cavity losses at 6328 7 x 10

"

Mirror transmission 3 x 10
-

.

possible by decreasing both K and y to keep A frequency. To avoid backlash and mirror mis-
constant around 6500 A which gives the maximum alignment, fine tuning of the cavity length was
reflectivity for the mirrors used in this experi- performed by slightly changing the frequency in-
ment. The OK was finally operated at K = 1.1 to stead of translating the mirrors. Laser oscilla-
1.2 with a dispersive section characterized by' tion lasted typically 1 h after each electron injec-
Nd 95 where ,Vd is the number of laser optical tion.
wavelengths passing over an electron in the dis- Figure 1 shows two "detuning curves" of laser
persive section. The optical cavity characteris- power (normalized to the maximum) versus fre-
tics are given in Table II. quency variation and equivalent mirror displace-

Laser oscillation was obtained after a careful ment. Curve (a) has a 3.4 Am full width at half
alignment of the electron beam on the cavity axis maximum of equivalent mirror displacement;
(within 0.1 mm all along the 1.3-m OK length) curve (b), as recorded much closer to laser
and maximization of emission as a function of the threshold, has only a 1.6 Am full width at half
storage-ring radio-frequency cavity voltage and maximum. The shift in displacement between
the optical-cavity length. Laser operation re- curves (a) and (b) is probably due to some slow • -

quires very precise synchronism between light- cavity length drift [ e.g., a temperature drift of
pulse reflections and electron-bunch revolution (0.02 °C)/(30 min) would be sufficient]. In this ex-

periment, the gain was not proportional to the
electron current, mainly because of the anoma-

_2 12 14 lous bunch lengthening and energy spreading at
equvalent mrror high current; these effects make the gain versus

+ t dsplacement ring current reach a maximum and then decrease.
(pm) One consequence of this is that the ratio of gain((b) i to cavity losses always remained just above 1

during laser operation. Wider detuning curves
are expected for higher gain/loss ratios.

Figure 2 presents the horizontal and vertical
transverse profiles of the laser output. They are
in a very good agreement with the expected cavi-
ty TEMoo profile. The slight discrepancies might

\\ arise from some residual instability of the lasertN

/ \4.too close to threshold or nonuniform mirror re-
N flectivity.

Figure 3 shows the laser time structure in a
200-ms total time scale. Quasirandom peaks ap-

I pear in curve (a). Curve (b) is obtained by in-

i1119RF * , 11 ' creasing the detector sensitivity and shows some
RF frequency(Hz) substructure in the peaks. Although not seen in

FIG. 1. Normalized laser power as a function of rf Fig. 3, each subpeak is also usually more or less
modulated at 13 kHz, very close to the theoreti-

frequency and equivalent mirror displacement. Curve calate s t frequenycandeao shows a
a i recorded close to the maximum gain/loss ratio
&M curve b close to the laser threshold. The shift typical rise time around 200 Ms corresponding to
between the two curves Is probably due to some slight a gain minus cavity losses of 2x 10"/pass. It
cavity-leng-th drift, should be noted that this time structure highly de-
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FIG. 3. Laser time structure over a 200-ms interval.

0 Curve b is recorded in the same condition as a, but

FIG. 2. Experimental laser horizontal (solid curve), with a higher detector sensitivity.

vertical (dashed curve) transverse profiles, and the

calculated (dotted curve) cavity TEM00 profile, of the wavelength interfringe distance (see Fig. 4)

instead of 0.25 as predicted from Madey's theo-
pends on how far the laser is from threshold, rem." This discrepancy is probably due to the
Quasiperiodic peaks have sometimes been seen transverse multimode content of the spontaneous
near a 40-Hz frequency. And the laser variation emission stored in the cavity; laser operation is5 also reproduces the pulsed 27.2-MHz structure only achieved on the TEMc, mode. Laser tunabil-
of the electron beam. ity was obtained between 640 and 655 nm by

Figure 4 presents two spectra: (a) is recorded changing the magnetic gap [equivalent to a change
without amplification (optical cavity completely of K in Eq. (1)]. The range of tunability is in fact
detuned) and (b) is recorded at laser operation limited for the moment by the mirror reflectivity.
(cavity tuned). For case (b), the laser oscillates A typical 75-AW average output power has been
at three wavelengths, with the strongly dominant recorded at 50-mA current of 166-MeV electrons.
one being at A = 6476 A; each wavelength is locat- This corresponds to a typical 60-mW output peak
ed at a maximum of the gain versus wavelength
curve.

5 
Smaller gain/loss ratios would restrict .

the number of laser wavelengths to two or one. ..
Typical laser lines are Gaussian if averaged over ' Ma x A V3o

a long time scale of-lsec, with 2 to 4A full width A AI, =6405A 647SA I -6538A

at half maximum. Figure 4 also shows an enlarge- 03

ment of the main laser-line spectrum recorded
by using a one-dimensional charge-coupled-de-
vice (CCD) detector instead of the usual mono-
chromator exit slit. The aperture time is 3 ms.
Each narrow square peak in this curve is record- (b "
ed on only one CCD element and corresponds to
a 0.3 A spectral width which is of the same order
as the monochromator resolution. We conclude
that there is a residual inhomogeneous contribu-
tion to the laser linewidth probably connected
with the long-time-scale laser-pulse structure X o. _______t_ I___A_.__._

(see Fig. 4). The central wavelength of any line 6400 6500 6600 6700

is always equal to the wavelength of maximum FIG. 4. Spectra of the cavity output radiation under

emission of spontaneous emission with the cavity two conditions: ctirve a, cavity detuned (no amplifica-
completely detuned (no amplification) plus 0.15 tion) and curve h, cavity tuned (laser on).
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ABSTRACT

We report the first measurement of the off-diagonal terms in

the transverse gain matrix in a free electron laser. We show that

the higher order transverse modes stimulated in the FEL

interaction diminish in amplitude as the electron beam size is

increased, that the far field and the near field effects of the

excited modes are not equivalent, and that in this low divergence

case, the mode mixing is insensitive to the resonance parameter.

Remarkably close agreement is demonstrated with the theory [1].

The effects of a multiple mode input beam are also observed, and

the theoretical expression is derived.
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P t*INTRODUCTION

• ...

Beginning in 1980 a series of amplifier measurements have

been performed of the stimulated emission of the Orsay storage

ring free electron laser. These measurements were part of the

successful effort to achieve oscillation using the ACO storage

ring system [2,3]. The original gain experiments [4,5] on the

superconducting undulator, and a later series of measurements

[6,7] on the permanent magnet undulator NOEL and its optical

klystron configuration demonstrated that the amplitude and the

spectrum of the gain could be correctly calculated by the

classical independent particle theory [8]. These experiments were

sensitive to the total energy emitted by the stimulated emission

process, and did not provide any information on the spatial

structure of the amplification process. In this paper we report on

an extension of these measurements which probes the three

dimensional nature of the interaction.

S...,

By means of an adjustable aperture placed in the amplified

beam, we have been able to measure the excitation of higher order

-2-



transverse modes induced by the nonuniform transverse profile of

the electron beam. This information is mapped into the spatial

distribution of the electric field at the analyzing aperture. The

ratio of the transmitted stimulated power to the transmitted power

of the external laser is measured as a function of the aperture

diameter. The functional dependence of the ratio on the aperture

diameter is a diagnostic on the transverse mode mixing which has

occurred during the amplification process.

If the spatial distribution of the stimulated radiation is

identical to that of the incident laser, their diffraction

characteristics are identical, and the ratio of the powers

transmitted through the aperture will be independent of its

diameter. A dependence will be seen only if the stimulated

radiation contains a different combination of transverse modes

than the incident radiation. The aperture dependence of this ratio

is therefore a good diagnostic of mode mixing in the amplifier.

In a free electron laser, the input laser mode is perfectly

replicated only under the conditions that the electron beam is

uniform across the optical mode, the electric field strength

remains below the saturated level, and the divergence of the laser

is negligible in the interaction region. If the electron beam

-3- o
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dimensions are comparable to those of the optical mode, if

saturation occurs, or if the divergence is significant, higher

order modes will be excited. In most configurations of practical

interest, one or more of the latter conditions will hold.

The mode content of the optical field propagating through the

FEL can be conveniently thought of as a vector whose elements are

the amplitudes and phases of the modes. As the beam propagates

through free space, the phases evolve in a fashion characteristic

of each mode, but the amplitudes remain constant (in the absence

of losses). The amplifier contributes an additional vector of complex

field amplitudes which describes the stimulated radiation, and

which is in general not parallel to the input vector [1]. The

field vector at the output of the FEL amplifier is the sum of the

input vector propagated to the output and the stimulated emission

vector. The magnitude squared of the resultant will be larger than

that of the input by a factor which is the net amplification, and

it will be rotated in the multi-dimensional mode space. If the

gain is large and mode mixing occurs, the output field vector will

be strongly rotated. Under these circumstances, the laser can be

expected to run multi-mode, or even to couple the modes so strongly

that the modal decomposition becomes useless as in the guided wave -

case. A self-consistent calculation of the high gain field dist-

ribution must be performed to identify the steady state

field vector and the gain it experiences. In a low gain

-4-



oscillator, however, the same level of mode mixing will produce no

effects because the rotation of the field vector by the gain is negligible.

The gain of the Orsay FEL is very low, on the order of 10

[4-7]. Even though the conditions for mode mixing are present (the

dimensions of laser and electron beam are comparable), the

rotation of the field vector is minuscule. As could be expected - .
I

under these conditions, the oscillator produced a nearly pure

TEMoo Gaussian mode [3]. (Even the Stanford oscillator which has a

gain of about 10% [9] produces a Gaussian mode [10]). The newer

FEL systems now under construction at Stanford, Orsay, and

elsewhere are projected to have gain on the order of unity. The

mixing phenomena of the transverse modes will play an important

- role in the operation of these new devices. Our measurement

technique permits us to obtain some information on the three

dimensional amplification problem even in a devicewith such a low

gain that no effects can be observed in the modes of the oscillator.

Two series of experiments have been performed, both with the

undulator NOEL modified into the optical klystron configuration I

[7]. The first series of experiments (which we will identify as

series I) served to identify the phenomenon, and stimulated our

theoretical effort [1] on the problem. A second series (series II)

was planned in order to extend the comparison between theory and

experiment by changing the placement of the analyzing aperture. We -- ".

report here on the results of these two experiments.

-5-
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:n section : we review the theoretical results and extend

them to the case of multimude inuut. We describe the experimental

technique in section i!, and discuss the results and their

implications in sections IV and V.

4
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-F MODE MIXING THEORY APPLIED TO THE GAIN-VS.-APERTURE EXPERIMENT
F

Elleaume and Deacon [1] have identified the equations of

motion for the excitation of the higher order transverse modes in

an undulator and solved them in the low field case. Their

principal low field results are that the complex mode amplitudes
L

cr evolve according to

The linear relationship between input and output mode amplitudes

- holds even in the high gain region (l], although the

transformation becomes difficult to calculate. In what follows, we

restrict our examples to the small gain limit. In this limit, for

low divergence, and for small beam slippage parameter (as in the

Orsay experiment), the elements of the gain matrix G are

C on~ V t (2)

V SA"V 2.- .

.7-
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We note that this result does not include the effects of the
divergence of the optical modes or the electron beam, a valid

approximation in the case of the Orsay experiment, where the

Rayleigh length is 1.7 times the length of the optical klystron,

and the beta functions are 1.5 to 3 times longer.

In the large divergence case, the time integrals in equation

(30) of reference [1] depend on both the mode numbers and the

transverse position. The spectral term between the curly brackets

of (2) which is generated by this time integral is therefore

intimately tied to the transverse integral and cannot be factored

out of the gain matrix. Under these conditions, the mode mixing

phenomena may have a strong dependence on the resonance parameter.

A full treatment of the problem including divergence would

probably involve a numerical solution.

We can apply the low divergence results to the case of the

optical klystron (or the tapered wiggler) since there is no

essential change in the physics which goes into the derivation of

(2). Within the same approximations, the only change is in the

longitudinal dimension. The time integrals which lead to (2)

become more complex so that the spectral term changes its form.

Since this term factors out in the low divergence case, for a

•-. 8- -
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fixed frequency experiment such as our amplifier work, the

spectral term is optimized once and remains constant during the

experiments. As long as the longitudinal dynamics are separable

mathematically, the mode mixing phenomena will depend only on the

beam dimensions, the resonator configuration, and the gain.

Let us apply equations (1) and (2), following [1], to the

case in which the incident beam contains an arbitrary number of

modes. The input field is

It
(3)

where we use the summation convention: repeated indices are

summed. The functions Ejx,y), and Y,(x,y) are defined in [1]

as the normalized amplitude and the phase of the mode. The

output field is, from (1),

0

£ z Eje(4)

o. .-F -

.---.p
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The gain measured in this experiment, which is the ratio of

the stimulated power to the incident power transmitted through the

aperture, is, for small gain systems,

where the integral is over the surface of the aperture opening.

For simplicity of notation, we define a normalized mode

integral

0+
lJ 2S ~E, ,

~ (6)

which defines the elements of a Hermitian matrix T. Since the

integral is over the surface out to the aperture, it is clear that

these quantities depend on the diameter. Due to the different mode

structures, each t has its own aperture dependence, and its own

unique phase. Substituting into (5), the gain becomes

& k S. ,+ T;'"

+jCI Ck

. . . . ..



This relation can be expressed more compactly in matrix

notation. Adopting C as the vector of complex mode amplitudes, we

find the result

= (8)

(ciT > c-

where the superscript H means Hermitian conjugate. Physically

speaking, this result is not hard to understand. The numerator is

the stimulated power term. Each input mode cj produces a set of

stimulated modes via the gain matrix guj tl'e vector of stimulated

- modes is GIC>. Each stimulated mode "beats" with another mode c.

when it passes through the aperture; this other mode is either an

incident mode <ClIJor an amplified mode <CIG. Each combination of

modes produces a nonzero contribution to the transmitted power

when the aperture diameter is finite. This contribution is

proportional to a particular mode integral, whose amplitude is

given by _k; . The measured gain is the ratio of the stimulated

power to the incident power, and the denominator takes care of the

effects of the iris on the incident beam.

.[ ..



To make the situation more clear, let us look at the explicit

sums in the case of two input modes, "o" and "p". We assume that

the input beam is predominantly "o", and linearize in cp. Equation

(8) reduces toM I
(9)

where we have rationalized the denominator, and collected the

off-diagonal terms in the sums.

We note here that for single mode input (cp = 0), this result

reduces to that of equation (48) in [1]. The additional terms are

the various beating terms of the stimulated emission with the

input modes, integrated across the iris. The last term, for

example, is the product of the mth stimulated mode (produced via

from the pth input mode) and the 0th input mode, integrated

across the analyzing aperture, and normalized to the input

intensity. It is the last three sums which are apparently

responsible for the difference between the experimental points in

figures 7 and 8 and the single input mode theory of [1].

-12
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If the electron beam is very large compared to the laser

beam, the off-diagonal terms (2) of G go to zero by the

orthogonality of the modes. The diagonal terms all have the same

magnitude due to the mode normalization. Equation (9) reduces,

under these circumstances, to

Ia
G = 2 Re j. (large electron beam) (10)

which means that the gain for a combination of two modes is the

same as that of one of them alone. If we redefine the sum of two

modes as our new starting mode, it is clear that an arbitrary

third mode amplitude can be added 1ithout changing the result. It

follows by induction that for an arbitrary combination of modes,

the direction of the mode vector is not changed by the FEL

amplification process for a large beam.

A measurement of the gain under these circumstances will show

no variation as a function of the transverse position in the beam

(as shown, (10) is independent of iris diameter). Any variation of

the gain in the transverse plane is proof of mode mixing. Although

the data of figures 7 and 8 were taken with an unknown multiple

mode input, the deviation from unity of the results are a clear

indication of the presence of mode mixing. The finite beam size

allows off-diagonal terms in (2), and thereby produces the mode

mixing observed in this experiment.

-3 -



EXPERIMENTAL METHOD

The apparatus we used was essentially identical to that reported

in the original gain measurements [4-7]. Those unfamiliar with the

details of the setup should refer to the schematic diagram in [4]

along with the associated description of the experiment and the

calibration proceedure. A chopped external argon laser is

focussed coaxially onto the electron beam in the optical klystron

where it is amplified by the FEL interaction. The output beam is

passed through an adjustible aperture, filtered in a

monochromator, anl detected in a resonant detector. The amplified

power is extracted in a double demodulation scheme: a 13 Mhz

0- . lock-in detects the sum of the spontaneous and the stimulated

power, and a subsequent lock-in operating at the frequency of the

chopper extracts a signal proportional to the stimulated power at

the detector. The FEL gain is given by the ratio of the stimulated

power to the incident laser power.

In this experiment, the gain is measured as a function of the

opening of an iris aligned on the amplified laser. Both the

stimulated power and the incident laser power are measured for

several apertures; their ratio is the "gain" as a function of the

- 14 -
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iris diameter. If both beams were pure TEMoo modes, the gain

measured this way would be independent of the iris. If, on the

other hand, the stimulated radiation is a combination of modes, .-

the measured ratio will show some variation as the aperture is

varied, since closing the aperture breaks the orthogonality of the

modes. A measurement of the gain as a function of the iris is

therefore a source of information on the mode content of the

stimulated radiation. As explained below, we have measured the

mode amplitudes stimulated from a single mode input beam, which

provides direct information on the cross terms in the transverse

gain matrix.

In setting up for the experiment, the undulator gap is

scanned to set a maximum of the optical klystron gain spectrum [7]

at the laser wavelength. Alignment of the incident laser on the

electron beam is performed by optimizing the amplitude of the

stimulated power when adjusting the angle and position of the

electron beam. A half-wave plate in the laser input beam is also

adjusted to ensure that the polarization of the input mode is

parallel to that of the undulator emission.

One analyzing aperture was set up as close as possible to the

interaction region: just outside the exit window at a distance of .-

-15-
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288 cm from the center of the optical klystron. This unit was a

set of fixed apertures of diameters .5, 1.0, 1.5, 2.0, and 2.5 mm,

mounted on a rotating exchanger block. The selected aperture could

be rotated into position and aligned precisely in the plane .'-__
• 4

transverse to the laser. Before each measurement, the new aperture

was aligned by recentering the diffracted beam downstream of the

aperture onto the original axis. A second aperture was placed far

from the interaction region at a distance of 14.7 m. Since the

laser beam was larger here, a minimum aperture of 2 mm was

sufficient, and an adjustible iris was used, eliminating the need

for realignment on each change in diameter. The powers of the

transmitted laser and of the stimulated emission were measured in

separate channels and recorded for about 100 seconds. The laser

was then blocked in order to permit a measurement of the noise

background; the aperture diameter was readjusted; the aperture was

realigned (if necessary); and the two power measurements were

repeated. The curves of figures 4-8 were taken by this method.

In order to verify that no detection artifacts were

masquerading as real effects, we verified first the linearity of

the vacuum photodiode detector, and then the position sensitivity

of its high and low frequency response. By inserting a series of
r

broadband filters up to a neutral density of .8, we simulated the

S-. . .. . . . . ..... .- :16.-- -
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reduction in power produced by closing the aperture diameter

without changing the ratio of laser to stimulated power. The

measured ratio remained within a fraction of one standard

deviation from unity. The detector was also moved from side to

side with a focussed input to check that spatial variations in its

sensitivity were not responsible for the signal. The same negative

result was obtained: the detection system is linear and sensitive

only to the power transmitted through the analyzing iris.

Since our goal is to measure the dependence of the stimulated

power on the aperture, it is important to be sure that no portion

of the laser output mode is scraped off at any point in the

optical transport system. (In confirmation of this fact, we note

that the aperture dependance of the gain disappeared when the

monochromator slits were closed down, thereby scraping off a

portion of the focal area). During set-up, the laser mode was

centered on the transport mirrors, and the monochromator slits

were opened to ensure that when the analyzing operture was open,

all of the stimulated power entered the detector. When the

analyzing aperture was placed in its farthest position from the

undulator, no problem was observed in power transport. When the

aperture was placed in its near position to the undulator, and set

at its minimum opening, the growth of the output beam due to

- 17 -
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diffraction did result in perhaps a 5% power loss on one of the

beam transport mirrors.

The interpretation of the results demands an accurate

knowledge of the electron and optical beam sizes. In an attempt to

simplify the comparison with theory, considerable effort was

expended to make the external Argon laser run in a single

transverse mode. For series I, this effort was successful. For the

later series, the aged laser plasma tube performed less well, and

even with an iris internal to the Argon laser oscillator closed

and optimized, the beam showed significant higher order mode

power.

The laser beam sizes were repeatedly measured before and

during series II. The input laser mode was measured with a Reticon

diode array with a 25 micron diode separation. The beam shape and

the full width at half maximum was recorded at five positions

about the focus, both in the vertical and the horizontal

dimensions. These measurements were fit to a Gaussian TEMoo mode

to extract the beam waist and focal position information. The

fits, shown in figure 1, show moderate agreement with the data,

but cannot be used reliably to estimate the higher mode

intensities. The astigmatism of the Argon laser's asymmetric cav .ty

- 18 -
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is apparent; as expected, the vertical focus is tighter than the

horizontal, and occurs slightly before it. Figure 2 shows the .-

transverse profile of the intensity at the center of the undulator

(nearly Gaussian), and 4.3 m before the focus, where the higher

mode power becomes apparent.

For the data analysis, we also require a knowledge of the

size of the laser beam at the aperture. This information is obtained

from the dependence of the total detected laser power on the

diameter. If the diameter is known and the aperture is well

aligned, the laser beam size can be calculated from the reduction

of the transmitted laser power, under the assumption of a Gaussian

beam.

The electron beam size is less well known. It is measured as

shown in figure 3. Th'e synchrotron radiation emitted from the beam

in the dipole magnet 158 cm in front of the center of the optical

klystron is imaged onto the Reticon. The vertical and the

horizontal beam shapes are typically observed to be Gaussian, with a

width which varies according to the current in the ring. These

dimensions also change with the tunes of the ring, so separate

electron beam measurements are required on each injection during

the experiment. No diagnostics are available on the beam size in

- 19 -
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the center of the optical klystron. This is an unfortunate

limitation since the beta functions of ACO have not been measurea

with the sextupoles in operation. In the absence of the trajectory

errors induced by the sextupoles, the theoretical model of the ACO

optics predicts that the beam sizes change by less than 25% and

6%, respectively in the horizontal and the vertical planes, when

moving from the electron beam measurement point to the center of

the OK. These numbers can be taken as an estimate of the

systematic error in the electron beam size determination.

For the second series of experiments the extraction mirror

had been removed for the repair of an intracavity iris in the same

assembly. We were therefore obliged to run with the probe laser '""

beam exiting the vacuum system through the rear oscillator mirror.

This mirror was tilted slightly so that the reflected beam could

be intercepted on a beam stopper. The transmission of this mirror,

a high reflector at 6328 A, is about 80% at the Argon 5145 A

wavelength. It acts as a defocussing lens with a focal length of

about -5.2 m. These experiments also had to be performed at low

energy (166 MeV) in order to avoid damaging [ 9] the oscillator

mirrors with the UV generated in the optical klystron. All

measurements were done with the 5145 A laser line; in Series I, Nd

= 80, K 1.89, and Wo = 670 microns; in Series II, Nd = 70, K =

.9, and Wo = 610 microns.

-20-
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"';. RESULTS OF THE EXPERIMENTS

One data scan taken in series I is compared
4

with theory in figure 4. This scan was taken under optimum

conditions with well characterized electron and optical beam

sizes. Here, the input laser beam is a pure TEMoo mode, and the -

amplified beam propagates freely for 14.3 m before being analyzed

with the iris. The error bars can be estimated from the accuracy

with which the two consecutive scans overlap. The solid curve is

the theoretical calculation [1] based on the measured distances

and beam sizes; no fitting has been done. The agreement is

excellent.

This experiment is the first to demonstrate the existence of

the off-diagonal terms in the gain matrix (transverse mode I,..

mixing), and the agreement between theory and experiment

in figure 4 establishes the validity of our theoretical

understanding of mode mixing in FELs in the weak field limit. In --}

the calculation of the theoretical curve, the amplitudes of the

first few terms in the matrix are found to be g,,/g-4 .46, and

P10 /go*/= .17; the higher terms are less than 10%. This means that

the amplitudes added to the two higher order modes are .46 and .17

of the amplitude added to the lowest order mode, respectively.

21-
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(The power added to the higher order modes is very low in this
- -10 - .

experiment, 10 and 10 of the laser power vs. 4Xl0 for

the lowest mode, because the gain is low and no

higher order mode power is present

in the input beam.) It is clear that significant mode mixing is

ocurring with an electron beam to laser beam size ratio of = 27/Wo

= 0.96. If a laser of moderately high gain is operated with such a

beam ratio, the oscillator mode will differ significantly from a

Gaussian.

The data of Figures 5 and 6 were taken during the initial

investigations of the effect. For these curves, the laser beam

dimensions are not as well characterized as for Figure 4, so

theoretical curves are not available for comparison. However,

this data illustrate certain qualitative features of the mode

mixing effect such as the effect of changing the electron beam

size and the resonance parameter.

Figure 5 show the results of two series I measurements taken

as the stored current decayed by a factor of 1.9; the resonance

parameter was changed only a small amount (SV=.l) between the two

scans. Significant differences are apparent between these curves. "-A

This data demonstrates the effect of a reduction of the electron

beam size.

"-22..
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In ACO the transverse dimensions are strongly dependent on

the current stored in the ring because of the multiple Touschek

effect and ion trapping. Between these two scans, the electron

beam dimensions have fallen from approximately ' = 620 microns at 79

ma of average beam current to 7 = 480 microns at 42 ma, which makes

the beam ratios - 1=1.9 and 1.4, respectively. The direct effect of

the current on the size of the gain is removed by the

normalization, leaving only the effect of the beam size. The curve

taken with the smallest electron beam shows the largest gain .

depression at small aperture. This confirms the theoretical

expectation that smaller electron beam sizes result in more

excitation of the higher order transverse modes. All off-diagonal

terms in the gain matrix tend towards zero as the electron beam

becomes large .- see equation (2). The shape of

each curve depends on the detailed structure of the mode integrals

(6) and their relative amplitudes. The shape changes as the beam

size drops and modes of progressively higher order are excited.

This effect is also visible in figure 8.

Figure 6 shows a later set of data taken after the lifetime

of the stored beam had stabilized to a larger value. These three

sets of points were taken consecutively at approximately the same

electron beam size (Q= 420, 380, and 350 microns), but widely

-23-
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varying resonance parameters (V= 3.6, 3.0 ,and -3.0), which

correspond to the fourth-from-the-center gain and absorption peaks

on either side of the optical klystron spectrum. No systematic

deviation appears between these curves, and we conclude that the 4

transverse mode coupling is independent of the resonance

parameter, as predicted by the low divergence theory. It is

apparent from (2) that in the low divergence limit, the spectral .

term has separated out as an independent factor. This implies that

both the relative amplitudes and phases of the gain matrix and

therefore the shape of the gain-vs.-iris curve are independant of

the resonance parameter.

This result is supported by a second type of measurement. For

a given aperture diameter, a scan was taken vs. the resonance

parameter. The peak positions were identified, and a new scan was

taken for another diameter. No spectral shifts or changes in the

shape of the spectrum were observed over a range of iris openings

between full open and .9 on the horizontal scale of the figures.

The data of series II were taken with the primary goal of

verifying the dependence on the distance of the aperture from the

interaction region. The evidence of multiple mode input discussed
I[

above implies that the full equation (8) must be used to

- 24 -
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calculate the aperture dependence of the gain. Unlike the case of

figure 4 where an ab initio calculation is possible, here several

fitting parameters would be needed since the C vector of the mode

amplitudes and phases is unknown. Since these quantities cannot

be obtained from the measurements of figures 1 and 2, and since

we judge the results of a multi-parameter fit to be useless, no

theoretical values are calculated for the Series II measurements.

The experimental results alone are sufficient for the

identification of a very important phenomenon which can occur in

free electron lasers: active guiding.

Figure 7 shows a composite of three successive measurement

scans taken in the near field at a distance from the center of

the optical klystron of 2.88 m, only 13 cm from the output

mirror. The large fluctuations in the amplitude are caused by the

need to realign the aperture each time a new opening is selected.

A large increase in the gain is observed at small aperture

openings. A set of data was also taken in the far field at a

distance of 14.3 m, and is presented in figure 8. The error bars

for this set are comparable to those of the other 14.3 m data of

figures 4-6.

The data of figure 8 were taken under the same conditions

as those of figure 7. There is a large and significant difference
-

between the data sets taken at the different distances. In the

near field, we observe that the amplitude of the stimulated

* " radiation is concentrated at the center of the amplified laser

-25-



mode. The on axis gain is enhanced by almost 50%. In the far

field on the other hand, the higher order modes diverge and shift

phase with respect to one another so that the enhancement

disaooears. A change in the distance at which the aperture is

placed shifts the phases of the T matrix elements of eauation

(6), and therefore changes the shape of the gain-vs.-iris curve.

For single mode input, the stimulated amplitude is actually

reduced on axis in the far field as we have seen in figure 4.

The significance of these observations lie mainly in the

implications they have for the high gain mode of operation. If

the amplification is large, the propagation of the growing wave

becomes dominated by the near field diffractive behavior of the

I stimulated radiation. We infer from the results of figure 7 that

the mode which propagates in a high gain system will be more

strongly concentrated about the electron beam than the freely

diffracting unamplified input wave. If the gain per Rayleigh

range is large, this phenomenon can lead to guided propagation in

which the shape of the growing mode is unchanged throughout the

P interaction region. This phenomenon, in which the effects of

diffraction are compensated by strong axial amplification (11],

is called "gain focussing".

Although the imaginary part of the gain matrix (2) cannot

be seen in a low gain experiment, in a high gain system it can

shift the phase of the propagating wave significantly. As Tang

and Sprangle (12] have observed, the optical phase is

-26-
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retarded by the interaction on the positive gain side of the

resonance curve. This implies that the stimulated wave, which we

have observed to be localized to the axis of the syJstem, tends to

distort the phase fronts of the input wave in such a way as to

produce a real focussing of the optical mode. Both the real and

the imaginary parts of the gain conspire to actively guide the

mode in the high gain case as is discussed in a recent

theoretical paper by Scharlemann et al. [131.

The results of figure 4 demonstrate that our oresent

understanding of the three dimensional effects of amplification

is numerically correct. The results of figure 7 show that the

gain is enhanced on axis in the near field. Taken together, these
1-0 two results lend strong experimental support to the theoretical

prediction of active guiding in FEL systems.

27
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X. CONCLUSION

This experiment is the first capable of resolving an

excitation of the higher order transverse modes in a free electron

laser, and has established the existence of off-diagonal terms in

the transverse gain matrix. The technique we have developed is a

useful diagnostic of the transverse mode mixing effect which is

invisible in today's FEL oscillators due to the low gain, but

which will play a dominant role in the operation of the high gain

devices now being constructed or planned.

High gain free electron lasers will show strong effects of

mode mixing in any system in which the electron and laser beam

sizes are comparable. We have demonstrated that mode mixing

effects are typically large in free electron lasers but that they

have been masked in the existing devices by the low value of the

gain. The results of this experiment indicate that the basic

theory is valid, and thLt it is complete in the linear regime.

As discussed in the 7 r7 section, these results lend strong

experimental support to the theoretical prediction of active

guiding in high gain free electron laser systems.
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FIGURE CAPTIONS

Figure 1

The laser beam was measured with a Reticon diode array to

determine its mode characteristics. The beam parameter W(z) measured in

Series II is plotted and compared to a TEMoo Gaussian fit. The beam is

well focussed into the klystron, whose position is indicated at

the center of the horizontal axis.

Figure 2

Photographs of the transverse laser profiles during series

II, taken by the Reticon at two longitudinal positions: at the

center of the optical klystron, and 4.3 m in front of it. In the

center of the laser interaction region, the laser profiles can be6,

fit well with a Gaussian shape. However, far from the focus, the

profiles acquire a significant non-Gaussian pedestal which is

apparent in the photo on the left (the discontinuity in the

vertical profile is an artifact caused by a bad diode). This data
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shows the laser beam in its most Gaussian configuration for the

Series II measurements. Much cleaner Gaussian behavior was

obtained in Series I.

Figure 3

The electron beam measurement scheme. Synchrotron light

emitted in the bending magnet before the klystron is imaged onto

the Reticon.

Figure 4

Measured ratio of stimulated power to incident laser power

transmitted through an analyzing aperture as a function of its

diameter. The diameter of the aperture is normalized to the laser

beam wai parameter at the measurement point, and the gain ratio

is normalized to unity at large aperture opening. The points were

measured on two success_ e scans; the error bars can be estimated by

the deviation of the points from each other. The solid curve is

the theoretical [1] result, using the measured beam parameters: Wo
wr

= 670 microns for the laser, and T = 320 microns for the electron

beam. The iris was placed in the far field at 14.3 m from the

optical klystron, where the optical wave had grown to wo= 3.2 mm.
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Figure 5

* .The gain is measured as a function of the iris diameter as in

figure 4, but now for two different electron beam sizes. The

triangles, taken for the small electron beam size, show the

largest deviation from unity, and therefore the largest excitation

of the higher order modes. As explained in the text, smaller

electron beam sizes result in larger values for the off-diagonal

terms in the transverse gain matrix. The shift in the resonance

parameter between the two curves is inconsequential, as shown in

figure 6.

Figure 6

* . The gain is measured as a function of the iris diameter for three
0. I

different values of the resonance parameter which correspond to

gain and absorption peaks displaced by four optical klystron

fringes (more than half of the gain curve) from the center. The

data all fall along the same curve within the error bars, and we

conclude that the mode mixing effect does not depend on detuning
I- .

in this low divergence experiment. The changes in the beam size

are small (and unavoidable due to the current decay in ACO during

these measurements).

Figure 7

-.In the second series of experiments, the gain is measured as

a function of aperture forba position as close to the output of the

-34-
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optical klystron as possible. The error bars are large here because

of the constant realignment of the aperture position. The beam sizes

are = 450 and r= 310/ for the triangles, and H= 340 and

V = 290/c for the remaining points. The input laser is operating

multimode (see figure 2).

Figure 8

Two scans of the gain vs. diameter taken in the far field of

the interaction region under the same conditions as those of figure

7. The deviation of these results from those of figure 7 is due to

* the difference between the near-field and the far-field phases of the

higher order excited modes. As was seen in figure 5, the scan with .

. the smaller electron beam = 360/ and ,= 330  (the solid points)

" shows a larger deviation from unity than that with the larger beam

450/ and T, 420/ (the open squares).
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Results of the free electron laser oscillation experiments -"-
on the ACO storage ring

P. Elleaume (I), J. M. Ortega ("), M. Billardon (s), C. Bazin, M. Bergher, M. Velghe (), Y. Petroff

Laboratoire pour I'Utilisation du Rayonnement Electromagnetique,
L.P. CNRS 008, Bdtiment 209-C, Universite de Paris-Sud, 91405 Orsay, France

D. A. G. Deacon (d), K. E. Robinson and J. M. J. Madey

High Energy Physics Laboratory, Stanford University, Stanford. CA 94305, U.S.A.

(ReCu le 28 decembre 1983. accepte le 9fivrier 1984)

Risumi. - On a fait fonctionner un laser As electrons libres sur anneau de stockage A 6 500 A de longueur d'onde.
LUeffet laser a t6 obtenu avec des electrons de 166 MeV circulant dans I'anneau de stockage ACO. La lumiere &mise
par les electrons lorsqu'ils passent a travers un klystron optique (une version modifiee de l'onduleur) est stock6e dans
une cavit& optique A faibles pertes. On analyse tout d'abord les ph&nomenes sous le seul. La seconde partie decrit
les caracteristiques spectrales et macrotemporelles du laser. On montre que la puissance moyenne est en accord
avec la limite imposee par le chauffage du paquet d'electrons (limite de Renieri). Finalement une augmentation d'un

i * facteur 100 de ]a puissance crete. a et& obtenue en asservissant le laser a un generateur exterieur de signaux basse
frequence.

Abstract. - A storage ring free-electron laser oscillator has been operated above threshold at a visible wavelength
6 500 A. This laser was obtained with electrons of 166 MeV circulating in the storage ring ACO. The light

emitted by the electrons passing through an optical klystron (a modified version of an undulator) is stored in a
high-Q optical cavity. First some below laser threshold phenomena are reported. Then the spectral and macro-
temporal structure of the laser are described. The average power is shown to be consistent with the limit imposed
by the heating of the electron beam (Renieri's limit). Finally a factor of 100 enhancement in the peak power, over the
Renieris limit, has been obtained by driving the laser with an external low frequency generator.

In recent years. much attention has been given to operates in the ((collective > regime where the elec-
radiation emitted by relativistic electrons. This is tronic density and Coulomb interaction are very
principally synchrotron radiation in a dipole field [1], strong, the electron energy is rather low (a few MeV)
in an undulator [I] or from a free electron laser. The and the radiation is emitted in the far I.R. [4]. The
free electron laser (F.E.L.) is a very promising source order class operates in the low density or ( Compton o
of coherent radiation in the spectral range from the far regime. where Coulomb interactions are negligible, the
I.R. to the V.U.V.; the earliest proposals for such a energy is high (10-103 MeV) and the emission comes
device were made by Ginzburg [2] and Motz [3]. at short wavelengths (I.R., Visible, U.V.). Our experi-

There are basically two classes of F.E.L. One type ment belongs to the second category. This type of
F.E.L. has been studied by Madey [51 and his group
at Stanford where the first laser action was achieved

1") Dpartement de Physico-Chimie. Service de Photo- in 1977 in I.R. [5]. Since that time many theoretical
physique. CEN Saclay, 91191 Gif-sur-Yvette. France. and experimental studies have been done on thiseoreti

(b) Ecole Superieure de Physique et Chimie. 10, rue Vau- subject [6]. hvbe d..ti
quelin. 75231 Paris Cedex 05, France.

(') Laboratoire de Photophysique Mol~culaire, Bit. 213, Most F.E.L. experiments involve either linear
Universitede Paris-Sud. 91405 Orsay, France. accelerators and microtrons [7] or electron storage

() Deacon Research, 754 Duncardine Way, Sunnyvale, rings [8]. One expects the storage ring D.E.L to reach
CA 94087. USA. much shorter wavelengths, particularly in the U.V."P
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and V.U.V. spectral range. Our experiment is the first Table II.
example of an F.E.L. working on a storage ring We

U have recently reported the first operation of the Optical klystron characteristics
laser [9]. In this paper we described in more detail the Overall length 1.3 m
operation of the F.E.L., its behaviour as a driven Type SmCo5 permanent magnets
pulsed laser and the interpretation of its macro-tern- Undulators
poral structure. We have used the Orsay storage ring
ACO, an oold>> machine, first operated in 1965. Number ofperiods 2 ; T"
Its characteristics for this experiment are given in Period 78 m ." '
table 1. Transverse pole width 100 mm

Minimum magnetic gap 33 mm

Maximum field 0.31 T
Table I. K 0 to 2.3

ACO characteristics in the F.E.L. experiment K in the F.E.L. experi-
ments 1.1 to- 1.2

Energy 160-166 MeV
Circumference 22 m Dispersive section
Bunch to bunch distance 11 m Length 240 mm 00
Electron beam current for oscilla- Maximum field 0.58 T

tion 16 to 100 mA Nd (see text) 70 to 100
R.M.S. bunch length a, 0.5 to 1 ns Nd in the F.E.L. experi-
R.M.S. bunch transverse dimen- ments 95

sions a., cy 0.3 to 0.5 mm
R.M.S. angular spread a', ay 0.1 to 0.2 mrad
R.M.S. relative energy spread 0.9 to 1.3 × 1-3 periods of the undulator by a longer period, analogousElectreaie ed 0 to 1 x1m 0 to a 3-pole wiggler, called the dispersive section.

Ron b etime 6 90 The r6le of this section is to '< bunch > the electronicdensity faster than a regular undulator [12). There-

fore, the optical klystron gain. Go.k. is larger than the
The core of an F.E.L. is an undulator (periodic gain G,,d of the undulator of same length by a maxi-

transverse magnetic field) on passage through which mum factor of:
high energy electrons radiate a series of harmonics G.k. 3.6 x 10-

of a fundamental line of wavelength, ,. given by : G." - E/E (3)

+ [,K 2  
o2 where aEIE is the R.M.S. relative energy spread of the

= -" + + electrons circulating in the ring.

The synchrotron light emitted by the O.K. exhibits
where y is the electron energy normalized to their a characteristic modulation [13] which is shown on
energy at rest, ,0 t 'ndulator period and 0 the angle figure Ia. The optical gain (Fig 1 b) which by virtue
of observation with rest."ct to the electron trajectory of the Madey's theorem [14] is the derivative of the ."--

axis. K is the deflection parameter of the undulator spontaneous emission with respect to energy, also
given by : appears modulated. For a given fundamental wave-

length Go.k./G,,. depends on the magnetic gap and on
K = 2 ... 0 = 93.4 B, 20 in S.I. units (2) the energy spread. The measured value confirms a

7m0 C predicted factor of 4 gain enhancement at 240 MeV

where B, is the peak undulator magnetic field. e and and I x I0 - 1 energy spread.

m, the electron charge and mass. The characteristics -- :-
of our undulator/optical klystron are listed in table II.

light beam of convenient wavelength in coinci- )..5,45A ..'-
dence with an electron beam is amplified when pass- tICI-)
ing through an undulator. The magnitude of the5
optical gain was first calculated by Madey [5]. We '"-..
have measured the gain of the Orsay undulator made "'"
with 17 periods of 7.8 cm [10] placed on the ACO I ,. - _..._.'---

storage ring working at 240 MeV. The stimulating , , 19 j5 ,
light was an argon laser at 5 145 A. The measured Fie . -(a) On axis spectral distribution of the optical L
gain value was near 2 x 10 - [11. This gain is too klystron spontaneous emission measured using 240 MeV
small to achieve laser oscillation; therefore, we have electrons and a magnetic gap of 34.4 mm. (b) The corres-
transformed our undulator into an optical klys- ponding gain curve versus magnetic gap measured with an
tron [12] (O. K.). This is done by replacing the 3 central external laser.

- .02,.
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In this paper we present results obtained with our CAVITY TUNED
optical klystron working at a low electron energy
(166 MeV). This energy range was chosen in order to -
minimize the cavity mirror degradation due to V.U.V. CAVITY DETUNED

emissions [11] from the undulator and dispersive
section.

The light emitted by the O.K. was stored in the
highest-Q optical cavity that we could obtain
(Table III). The measured average round trip losses -

Table 111.600eo
Fig. 2. - Fine structure spectrum of the stored sponta-

Optical cavity characteristics neous emission from the optical klystron. The ( cavity
tuned >> curve is obtained for a perfect time synchronism

Length 5.5 m between light and electron pulses in the cavity. The <( cavity
Mirror radius of curvature 3 m detuned ) curve is obtained for complete desynchronism.
Rayleigh range I m Gain and absorption appear on the higher and lower wave-
Wavelength of maximum Q 620 to 680 nm length side of the maximum.
Average mirror reflectivity at 6 328 A 99.965 °4
Round trip cavity losses at 6 328 A 7 x 10-' in the ring the cavity is considered to be (tuned >>.
Mirror transmission 3 x 10- 1 Then amplification of the stored spontaneous emis-

sion occurs through the gain mechanism mentioned
for the mirrors that we used were near 2 x 10-4 at above. One clearly sees in figure 2 an amplification at
6 328 A when the mirrors were in the air. However A " 6 470 A by a factor close to 2 and an absorption
when placed in the ultra-vacuum of the cavity and at A 2 6 440 A by a factor 0.8. This amplification
irradiated with the light produced by the undulator occurs at several wavelengths along the spontaneous
or optical klystron the losses grow rapidly [11]. At emission curve with a maximum depending mostly "

240 MeV the degradation drives the losses almost on the mirrors reflectivity curve. The spectral distribu-
instantaneously above 1 or 2 x 10'. However it is tion of the amplified beam is no longer proportional
possible to operate the O.K. at lower electron energy to the derivative of the stored spontaneous emission
by increasing the magnet gap (thereby decreasing K) because of the non-linearity of the multipass amplifi-
in order to keep the emitted wavelength near 6 500 A, cation when the gain value is close to the cavity losses.
wavelength of maximum reflectivity for the mirrors Also the noise that can be seen at the top of the amplifi-
used in these experiments. A lower K decreases the ed curve is clearly related to the fact that we are very
harmonics content of the undulator emission and near the laser threshold. A small gain variation pro-
therefore the U.V. flux received by the mirrors. The duces a large amplification variation. By aligning the
O.K. was finally operated at K = 1.1 to 1.2 with a optical cavity axis and the electron beam trajectory
dispersive section characterized by [13] N, = 95 within 0.1 mm, a maximum amplification ratio of 3
where Nd is the number of laser optical wavelengths has been observed for a 50 mA ring current. Figure 3 h..

passing over an electron in the dispersive section. shows horizontal and vertical transverse profiles
At a low energy of 150 MeV, after an initial degra- of the stored spontaneous emission recorded at

dation the losses were stabilized near (7 + 1). 10-'. . 6 470 A, corresponding to the most amplified
At this energy the optical gain is only slightly smaller wavelength. The net amplification (obtained by sub-
than the losses and very interesting ( below threshold tracting the cavity detuned curve from the cavity
phenomena may be observed (§ 1). At higher energy tuned one) has a profile very close to the fundamental , A
(160-166 MeV) an intense amplification of the stored cavity TEMoo profile.
emission is observed (laser effect). The various charac- The amplification is a sharp function of the adjust-
teristics of the laser are detailed in § 2 and discussed ment of the cavity length. The dependence of its value
in § 3. versus the detuning of this length is shown on figure 4.

The amplification as a function of the mirror displa-
cement from the tuned position, 3, can be computed

1. Below threshold phenomena (150 MeV). by summing the contributions over the electron posi-
When the optical cavity mirrors are set parallel to tions (characterized by 60) inside the electron bunch
each other, the spontaneous emission of the O.K. is and over a quasi-infinite number of pass. n, in the
stored in the cavity. The resulting optical spectrum optical cavity. Let F(b) be that sum, then

(Fig 2, lower curve) is the spontaneous emission spec-
trum modified by the phase shifts of the various cavity F(b) = (I - R ) '2 , x
transverse modes in which it is stored [151 and by the
output mirror transmission. When the cavity length x- is exactly matched with the electron round-trip time [" + ' + 2 p6)] f(6,) AD (4)

p=O

.
iii'ih-
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For a uniform distribution of the electrons inside
U 2.. the bunch (5) reduces to:

F(b = 0) = [I -g,/]

Cd) --
(c) . This would yield gPP = 0.60 in the case of igure 4.

2 3 4 5 (amplification by 2.5). In our case (Gaussian electronic
distribution) the integral hag been computed nume-
rically using the measured R.)yLS. bunch length of

CC CAVITY TUNED 0.23 m. The best fit to the expe'riiental results shown ,..
, CAVITY DETuNEO in figure 4 was obtained for P = 7.2 x 10- (close
(C) (a)-(b) ta - 4

,d) TEMQ
0  

to the measured value of7.0 x 10 4and g/P = 0.71.

C Very good agreement has also been found in the tail
of this detuning curve showing a significant amplifica-
tion of 1.02 for a detuning as high as 0.8 mm.

Id),

(C)

HORIZONTAL /i 2. Above threshold phenomena.
DsTANCE ,,,,,) -¢ At 166 MeV laser oscillation is obtained by a careful

alignment of the electron beam on the cavity axis 4
Fig. 3. - Horizontal and vertical profiles of the stored (within 0.1 mm and 0.1 mrad) and maximization of
spontaneous emission at the wavelength of maximum gain. emission as a function of the storage ring R.F. cavity
The difference between the (( cavity tuned )) and < cavity voltage and the optical cavity length. Laser operation
detuned 3) curves show a good agreement with the cavity requires very precise synchronism between the light
TEMOo profile. pulse round trip frequency and the bunch revolution

frequency. To avoid backlash and mirror misalign- A "
ment. fine tuning was performed by slightly changing
the R.F. frequency instead of translating the mirrors.
Laser oscillation lasted typically I h after each elec-
tron injection.

Due to the weak gain/loss ratio the cavity length
22 (or R.F. frequency) is a very crucial parameter.

Figure 5 shows two <( detuning curves of laser power
92 (normalized to the maximum) versus R.F. frequencyvariation and equivalent mirror displacement. Curve

15 (a) has a 3.4 .i F.W.H.M. of equivalent mirror
displacement; curve (b). recorded much closer tolaser threshold, has only a 1.6 pmi F.W.H.M. The shift !

in displacement between curves (a) and (b) is probably .,

LORGITUOINAL MIRROR TRANSLATION 

I

Fig. 4.- Maximum on axis amplification ratio versus Icaiy Te.~*' 4 B (jslaern t ..

cavity length. The dark curve shows the theoretical predic- )(b) I "un-)
tion for 0.23 m R.M.S. bunch length. 3.6 x 10' average
loss per mirror and 5.1 x 10-' peak gain per pass. C

where R is the average reflectivity per mirror, f(o) '"
is the normalized shape function of the electron
bunch and g/ the peak gain at the wavelength consi- ,
dered. From (4) one deduces : / -

f"Fin" .RF freotmv(Hz)

F(= oo)= I and F(6=0)= Fi, 5. - Normalized laser power as a function of R.F.
_ frequency and equivalent mirror displacement. Curve (a) P% A

- R 2 is recorded close to the maximum gain/loss ratio and curve(b)
(5) close to the laser threshold. The shift between the two curves

is probably due to some slight cavity length drift The upper

* .. valid for gp < I W 2 
=p. scale has to be multiplied by a factor 2

................
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due to a slow cavity length drift (a temperature drift -.of 0.02 C in 30 min would be sufficient). However the . .600 . 2350
: nA . ,AI''""

length of the cavit was stable enough to allow laser 16538A

operation without adjustments during typically more t'
than half an hour.

The horizontal and vertical transverse profiles of the
laser mode are very close to the cavity TEMo mode b,
(Fi. 6) as expected from the below threshold measure-
ment. The small observed discrepancies may arise 50

from some residual instability of the laser too close to
threshold or from non uniform mirror reflectivity. 4

6400 6500 6600 6700

Fig. 8. - Spectra of the cavity output radiation under two
~~~conditions : (a) cavity detuned (no amplification), (b) cavity ..

tuned (laser on). . -

For case (b), the laser oscillates at three wavelengths, -- •.

with a strongly dominant one at . 6 476 A; each
wavelength is located at a maximum of the gain versus
wavelength curve [5]. Typical laser lines are Gaussian
if averaged over a long time scale of > I s with 2 to
4 A F.W.H.M.

The central wavelength of any line is always equal to .
the wavelength of maximum emission of spontaneous

Bmad emission with the cavity completely detuned (no
0 Ia amplification) plus 0.15 of the wavelength interfringe-0 distance (see Fig. 8) instead of 0.25 as predicted from

Fit. 6. - Experimental laser horizontal and verti- Madey's theorem [14]. This discrepancy is probably
cal (- - -) transverse profiles and the calculated (...) cavity due to the transverse multimode content of the spon-

-- TEo profile taneous emission stored in the cavity; laser operation
is only achieved on the TEMoo mode. Laser tunability
was obtained between 640 nm to 655 nm by changing

The laser exhibits a particular time structure (i) it the magnetic gap (equivalent to a change of K in
is pulsed at the ACO storage ring frequency (27.2 MHz Eq. (1)). The range of tunability is limited for the
with two bunches in the ring), (ii) its structure on a moment by the mirror reflectivity bandwidth.
long time scale (of the order of 1 s) is quite irregular The laser spectrum has also been recorded on a
as shown by the photograph in figure 7a, (iii) the laser Reticon diode array. The laser was driven by the Reti-
may be triggered by an external low-frequency gene- con < start >) signal in order to synchronize the laser ,
rator (Fig. 7b). This will be discussed in section 3. pulses with the Reticon read out. For a driving fre-

quency of - 800 Hz, as discussed in section 3, the
laser pulse intensities were unstable and it was observ-
ed that the higher the pulse the narrower its spectral
line. For the higher pulses the observed spectral
width is less than I A (Fig 9) well below the above
mentioned spectral width.

In the experiments the gain is not directly propor-
tional to the electron current, mainly due to the ano-

(b) (a) malous bunch lengthening and energy spreading at
high current. These effects make that the gain versus -.

Fig. 7. - Laser time structure over a 200 ms total interval, ring current reaches a broad maximum near 50 mA
(a) i( natural ,, time structure; (b) time structure when the and then decreases. However despite this effect and
electron beam transverse position is modulated (upper despite the irregular pulsed time structure described
trace). The vertical scale is 1/4 the scale on (a) (see text). above the laser average power is very stable and

depends almost linearly on the ring current as shown
Figure 8 presents two spectra : (a) is recorded by the recording of figure 10. This fact shows clearly

without amplification(opticalcavity completely detun- that the free electron laser has saturated and reached
ed). (b) is recorded at laser operation (cavity tuned). its equilibrium average power.

--.. ' -.'..'''''''°'.....'. ...... . ...- .-. . '..Y•% , -,



modulation rate [13]. N is the number of periods of
one of the two identical undulators constituting the
optical klystron, yo/P is the ratio between the start-up
peak-gain and the round trip cavity losses.

The laser output power always decreases with the
electron beam current and. except in regions too close
to threshold, is usually proportional to the current
(see Fig. 10). Such a result is ir-.good agreement with
the theory since P is proportioRaf to the current but ,

is only weakly current dependent. A typical 75 giW
average output power has been recorded at 50 mA

Fig 9. - Recording of the spectral distribution of a laser current of 166 MeV electrons; this corresponds to an
pulse on a reticon diode array. The laser was driven at a efficiency q/ = 4.8 x 10-5 with respect to the 1.55 W
frequency of 8.8 kHz (see text). Each diode corresponds to of single bunch total synchrotron radiation. Taking
0.3 A in wavelength which is also the spectral resolution of the following measured quantities. q, = 0.047 (due
the monochromator used. to the high absorption losses in the dielectric layers of

the mirrors compared to the transmission), f = 0.7,
Laser Power (uWatts) N + Nd n" 100 and assuming go/P = 3, one calcu-

lates Pi = 5.7 x 10'.
Considering the errors in the calibration of ring

current and power meter and the uncertainty in the
100 determination of g,/P, one concludes in the good

___- ___,__________ _ agreement of the measured average power with the
nngcurrent one predicted by theory [18). This theory does not

50 / consider the anomalous bunch lengthening and energy
rai -. spreading as observed on ACO and on almost every

storage ring The most striking example of this ano-
malous behaviour was the observed bunch shorten-

20 40 60 time(minute4) ing and electron energy spread reduction at the initial
laser start-up. Although, as we shall see later, the

Fig 10. Recording of the laser average output power bunch lengthens when the laser saturates as predicted
together with the ring current. The ratio of the two quantities by the theory.
is a constant on most of the laser operation range. The rather low average output power is therefore

the result of the weak total synchrotron radiation

3. Laser saturation and peak power enhancement power at 166 MeV. the low cavity efficiency and the
high sensitivity of the optical klystron to the energy

It has been shown that storage ring F.E.L. would spread.
saturate by laser induced electron energy spread Figure 7a shows the observed F.E.L. time structure
which would decrease the gain by inhomogeneous over a 200 ms time interval. The irregular time struc-
broadening [161. The energy spreading is also expected ture of the laser is the result of the large difference in
to lengthen the electron bunch and decrease the peak magnitude between the fast laser rise time. r,,, of the
density and therefore the peak gain [17]. Renieri [16] order of 50 to 100 Its, and the slow response time T,
has shown that the average power (P.) is a fraction ?I of the electron beam, which is 200 ms at 166 MeV. It
of the total synchrotron radiation (P) emitted by a has long been anticipated that at the instant of laser
single bunch in the whole storage ring. q/ represents turn-on in a storage ring laser, the power would
the laser efficiency since it is the ratio between the dramatically overshoot the equilibrium value and
laser power and the Radio Frequency (R.F.) power perharps oscillate until the electron beam had a
given by the R.F. cavity to the electron beam to com- chance to stabilize at a level which saturates the gain.
pensate for the power lost by electrons by synchrotron Our results show that such an equilibrium may be 7
radiation emission. I has been calculated for a weakly very difficult to obtain due to fluctuations in the gain.
saturated optical klvstron to be (18) Elleaume [19] has iecently studied the stability of the

laser, and found that although the equilibrium situa-
Ln (.l/P) tion is stable, it is only weakly damped. The laser ope-

2 n(N + Nd) ration is resonant at a period T, of the order of
where 2 i I r,/2 (15-25 ms for these experiments as shown

output mirror transmission in Fig 7a), and even a very small fluctuation of the
round trip cavity losses (7) electron energy spread, the bunch length, or the eke-

tron beam position with this period will cause the
', is the cavity efficiency, f is the optical klystron laser to pulse on and off.

. -. . . ...
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In more than 15 successive experimental runs,
: involving ring currents ranging from 0 to 15 mA,

continuous operation has never been observed. The
laser al%%avs pulses in an irregular, pseudo-periodic
fashion with a period of 10 to 25 ms. Sometimes, the
peaks are more or less modulated at the ring synchro-
tron frequency (.13 klz).

As a consequence of this high sensitivity to gain
fluctuations. the laser may be triggered by an external Fig. I1. - Time recording of the laser intensity (upper
low-frequency signal. Stable pulsed operation has trace) together with the bunch length evolution (lower
now been achieved by modulating either the transverse trace). A negative signal corresponds to a lengthening of
beam position or the R.F. frequency. Figure 7b shows the bunch. The total timeinterval is 100ms fortheleft picture
a single trace of the laser output when the transverse and 5 ms for the right one.
position of the electron beam is periodically displaced.
The peak power has been increased by a factor of 4
over that of figure 7a; the horizontal time scale is the bunch length since energy spreading automatically
same. This result was obtained by turning on the gain induces a bunch lengthening in a time of the order

long enough for the pulse to develop, heat the beam, of the synchrotron period (0.08 is) which is much
and decay. and turning it off again for a long time to
,allow the beam to cool down. A vertical displacement Therefore the laser time structure can be understood
of 160 pm is enough to turn off the laser. The beam byasimplemodel[19] where the fast increasein energy
motion iadiabatic with respect to the betatron spreading is responsible of the off-equilibrium beha-
motion in the ring so the transverse dimensions are viour of the system. The energ spread evolution
not affected by the periodic orbit distortion. Stable has been verified experimentally through the time-

driven pulses have also been obtained by modulating resolved recording of the electron bunch length.

the R.F. frequency back and forth from the synchro- Moreover we have shown that this off-equilibrium

nism condition, but this procedure presents the disad- laser behaviour offers an opportunity to drive the
vantage of inducing synchrotron oscillation of the laser intensity by an external trigger and to obtain
electron bunch, a pulsed laser without any lost of average power.

When driven by beam displacement as shown in The experiments will continue in the future to

figure 7b. pulse widths less than I ms are obtained analyse the short time structure of the laser with a
with periods from I to 60 ms. No change in the average streak camera. Also higher gainiloss ratios are expect-

7 power is observed over this range, although the peak ed to be obtainable at higher ener and from the use
power can be adjusted by more than a factor of ten. of better mirrors, a second R.F. cavity and positrons

A peak power I00 times larger than the average power instead of electrons. This should extend the range of ,
A eenk po be 0tie s ar ger thanthtunability of the laser towards the U.V. region. ..has been obtained so far. y,_ ,

This pulsed operation of the laser allows another This work was supported by DRET contract
test of the saturation theory. Figure 11 presents the no. 81/131 and AFOSR contract no. F 49620-80-C-
laser pulse structure together with a signal propor- 0068.
tionnal to the bunch length. The bunch length mea-
surement technics is described in [17]. A negative Acknowledgments.
variation corresponds to a bunch lengthening. One
clearly sees a fast bunch lengthening induced by the The authors are greatly indebted to Yves Farge who
laser pulse followed by a slow relaxation time. The initiated this research, to the technical support staff
bunch length curve appears to be the integral of the of the L.U.R.E. laboratory for their invaluable help.
laser pulse shape. These results were precisely pre- Also, they thank the storage ring staff of the LAL for
dicted to occur with energy spread [18] and therefore many fruitful discussions.
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Abstract

A storage ring free-electron laser oscillator has been operated at a visible wavelength
X = 6500 .

Introduction

The purpose of the Orsay experiment is to test the feasability of a visible Storage . -
Ring Free-Electron Laser (F.E.L.). The realization of the permanent magnet undulator NOEL
was achieved in January 1982 (1). Detailed results concerning the spontaneous emission,
the gain measured using an external laser, the laser induced bunch lengthening have been
reported at the 1982 Bendor meeting (2). Improvement of the original low gain (a few
parts in 10- 4 per pass) was achieved in July 1982 by modifying the undulator into an
optical klystron (3,4) (O.K.). The O.K. optimization and early results on the spontaneous
emission have also been reported at the Bendor meeting( 2 ). The gain has been measured using
an external argon laser (5) and laser induced bunch lengthening has been reported (6).
All the measurements turned out to be in a very good agreement with the classical theory(4 )
The maximum gain (at the best electron beam current and energy) is now about 10- 3 per pass.
Therefore, operation of the F.E.L. above threshold requires very high reflectivity mirrors
having losses less than 5 10-4 (or reflectivity > 99.95 %). Mirrors having losses less than
10

- 4 
have been tested, unfortunately they have shown reflectivity degradation mainly due to

the U.V. part of the undulator or optical klystron synchrotron radiation (2,7). To minimize
this degradation, experiments were carried out at 150, 160 and 166 MeV electron energy (as
opposed to the original 240 MeV optimization energy for the undulator) in Spring 1983. Des-
pite an initial quick degradation from 10- 4 up to 3.5 10- 4 average losses per mirror, sta-
bility of the cavity Q was observed at this last value. The gain at 150 MeV turned out to be
less than 6 10-4 preventing from crossing the oscillation threshold. However, operation of
the storage ring at 160 MeV and then at 166 MeV brought an improvement of the electron
beam quality (mainly bunch length and energy spread) and allowed the oscillator to cross
threshold. -

Description of the experiment

We have used the Orsay storage ring ACO, an older machine first operated in 1965. Its
characteristics for this experiment are given in the following table.

Energy 160-166 MeV
Circumference 22 m
Bunch to bunch distance 11 m
Electron beam current for oscillation 16 to 100 mA
RfIS bunch length ol 0 .5 to I ns
RMS bunch transverse dimensions ax ,y 0 .3 to0. 5 mm
RMS angular spread a'x , ' 0 .1 to0.2 mrad
RMS relative energy spread y  0.9 to 1.3 10- 3

Electron beam life time 60 to 90 minutes

The optical klystron main characteristics are

Full length 1.33 m

269

. .. .- --



Vndulators
Number of periods 2 x 7
Period 78 mm
Transverse pole width 100 mm
Minimum magnetic gap 33 mm
Maximum field C.31 TK 0 to 2.3 - ' '

in the F.E.L. oscillator experiment 1.1 to 1.2

Dispersive section
Length 234 mm
Maximum field 0.58 T
Nd( 4) 70 to 100
Nd in the F.E.L. oscillator experiment 95

The characteristics of the optical cavity used in this experiment are the following

Length 5.5 m
Mirror radius of curvature 3 m
Rayleigh range 1 m
Wavelength of maximum Q 620 to 680 nm
Average mirror reflectivity at 63?8 A 99.965 %
Round trip cavity losses at 6328 A 7 10- 4

Mirror transmission 3 10-5

Optical measurements were made using the experimental set-up shown in figure 1.

6m

-PIN HOLE

M , 0 " 75 p :..

PHOTOMULTIPLIER
R95ROMATORR 95--"--

Figure 1. Experimental set-up

This set-up was originally used to investigate the spontaneous emission (8) . The
transmitted part of the synchrotron radiation stored in the cavity is refocused by an . 4
aluminium mirror Mi of 1.75 m focal distance. A pinhole of 75 P diameter pinhole is placed
at the mirror focal distance. The light passing through the pinhole is sent to a mono-
chromator by an aluminium mirror M2. Typical monochromator bandwith was0.3 A. The light
coming out from the monochromator is detected in a photomultiplier, the signal being sent
to a strip-chart recorder. The pinhole is mounted on a horizontal and vertical translation
plate for transverse profiles records.

Results

Laser oscillation was obtained after a careful alignment of the electron beam on
the cavity axis (within 0.1 mm all along the 1.3 m O.K. length) and maximization of emission
as a function of the storage ring radio frequency cavity voltage and the optical cavity
length. Laser operation requires very precise synchronism between light pulse reflections
and electron-bunch revolution frequency. To avoid backlash and mirror misalignment, fine "
tuning of the cavity length was performed by slightly changing the R.F. frequency instead 4
of translating the mirrors.

Fig. 2 shows two "detuning curves" of laser power (normalized to the maximum) versus
R.F. frequency variation and equivalent mirror displacement.
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Figure 2. Normalized laser power as a function of RF frequency and equivalent mirror dis-
placement. Curve (a) is recorded close to the maximum gain/loss ratio and curve (b) close
to the laser threshold. The shift between the two curves is probably due to some slight
cavity length drift.

Curve (a) has a 3.7 um F.W.H.M. of equivalent mirror displacement ; curve (b) as - -
recorded much closer to laser threshold, has only al.6 pm F.W.H.M. The shift in displa-k A
cement between curves (a) and (b) is probably due to some slow cavity length drift (e.g.
a temperature drift of 0.02 0C/30 minutes would be sufficient). In this experiment, the gain
was not proportional to the electron current, mainly due to the anomalous bunch lengthening
and energy spreading at high current ; these effects make the gain versus ring current reach
a maximum and then decrease. One consequence of this is that the ratio of gain to cavity
losses always remained just above 1 for laser operation. Wider detuning curves are expected
for higher gain/losses ratics.

Fig. 3 presents the horizontal and vertical transverse profiles of the laser output.
They are in a very good agreement with the expected cavities TEMoo profile. The slight discre-
pancies might arise from some residual instability of the laser too close to threshold or
non uniform mirror reflectivity.

%L

-1 01

Figure 3. Experimental laser horizontal and vertical transverse profiles and the calculated ,..
cavity TEMoo profile.

Fig. 4 shows the laser time structure in a 200 ms total time scale. Although not seen in L.A
fig.-, the laser -recduces -.e vu1sed 27 :'.-z stricture of the electron laser. As it can be seen on fig. -4,
th,,.or adopts a I-rasi r. c- p lsed struc~ure over a long tL-e scale ",ith a typical rise time around 200 vis ...
(corresponding to a gain minus losses of 2. 1 - 4 per pass) and a quasirandcm period of about 20 to 40 ms. .
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Figure .Laser time structure over a 200 ms interval.

Each subpeak is also usually more or less modulated at 13 KHz very dbse to the theoretical R.F. synchrotron

frequency. It should be noted that this time structrure depends on the electron energy and also how far the

laser is from threshold.
Fig. 5 presents two srectra : a) is recorded without amplification (optical cavity detuned), b) is recorded

at laser operation (cavity tuned). Usually, the laser oscillates simultaneously at three wavelength with a
wrontly dominant central line. Each wavelength is located at a maximum of the gain versus wavelength curve(

4 ).
Laser tunability was obtained from 640 nm to 655 rm by changing the magnetic gap. In fact, the range of
tunability is limited for the moment by the mirror reflectivity.

•'o 'Ma x 'Ma 0',Max, .,

t -60 -2380 -2350

-64 76. wA .6538A

.100'"

6400 6500 66 6710-0

F
Figure 5. Spectra ot the cavity output radiation under two conditions ; (a) cavity detuned (no amplification),
(b) cavity tuned (laser on).

Fig. 5 shows an enlargement of the main laser line spectrum recorded by using a one dimensional C.C.D.detector irztead of the usual nonhrc.ator exit slit. The aperturetiraeis3ms. Each narrow square peak in this

curve is recorded on only one C.C.D. element and corresponds to a 0.3 A spectral width of the same order as
monochroator resolution. We conclude thatthereisa residual inhomogeneous contribution to the laser line-

. -width probably connected with t~e long time scale laser pulsed structure (see fig. 4), so that typical laser P"'

lines are gaussian with about 3 A F.W.H.M. if averaged over a time scale of 1 1 sec.

The central wavelength of any line is always equal to the wavelength of maximum emission of spontaneous " " ["
emission with the cavity completely detuned (no amplification) plus 0.15 of the wavelength ihterfringe
distance (see fig. 5) instead of 0.25 as predicted from Madey's theorem(

9 ). This discrepancy is probably due
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to the transverse multimode content of the snontaneous emission stored in the cavity. wheareas the measured
transverse Profiles of the laser cutout show that laser operation is only achieved on the 7.E. 00 mode.

A typical 75 o; average output power has been recorded at 50 mA current of 166 MeV electrons. This
corresponds to a typTical 60 m output peak power over the 1 ns electron bunch length (including effects of
both long and short time scale pulsed structure of the laser), and a 2 kW intracavity peak pcwer. This gives
a 2.4 x 10

- 
efficiency wdth respect to the 3.1 watt ot total synchrotron radiation power generated in the

- whole storage r' t this enerry and current. This efficiency is about 0.4 the Renieri typical efficiency(10)•

,her o.mirror transmissionl n ' '1 x -ir wnere 'mir : round trip cavity losses

and _ :E 1. _x is the R.M.S. relative enerry spread. In this experiment flmir 0.043.

This low har-or -fficiency is mainly due to the high absorTtion in the mirror dielectric layers compared to

its transmission. The rather low Rerieri averane output power is therefore the result of high sensitivity of
the O.K. to energ spread, poor rii'cr efficiency, and weak total synchrotron radiation power at 166 MeV
(power is prcportional to the fourth power of the electron energy). As shown in Fig. 6, the laser output
power decreases with the electron beam current and, except in regions too close to threshold is usually pro-
portional to the current as predicted by the same model.

Laser Power (MWatts)

0,0

• / (m A) ?

50/

r t. rato (a.U.)

20 40 60 time(minutes)l-

Figure 6. Laser power together with "lectron beam cuzrrent versus, time.

However, Lrqortant discrepancies appear in the structure for long time scales (see Fig. 3) which is
predicted to be constant. Mornover, bunch shortening instead of bunch lengthening has been seen at laser
turn o?,:)such an effect has already been seen at much lower current bystmulatig the F.E.L. with an argon

* laser J11.

Cone lusions

In s rmury, this work demnstrates for the first time the feasability of the storage ring Free-Electror.
L-iser. PF;ture experiments will continue to analyze the saturation mechanism and the long and short tire scale

* i stricture. Highr pain/lossec ratios are epected from the use of better mirrors, a second RF cavity, and
positrons instead of electrons.
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